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Lectures on the Theory of Reciprocants. 

By Professor Sylvester, F. R. S., SavUian Professor of Geometry in the University 

of Oxford, 

[Reported by J. Hammond.] 



LECTURE XI. 



We may write for the Annihilator of an Invariant 

• • • • 

and for its opposite 

• • • • 

=jaiaQ + {J — 1) dgfii + {j — 2) ofii + + a/z^_i, 

• • • • 

where the pointed letters oq, ai, a^f . . . . aj stand for the partial diflFerential 

operators 3^^, da,, da^j 3^. 

Suppose n and to operate on any function ?7(ao, Oj, a,, . . . . a^); then 

aou={a.o + a* 0) u 

and 0£iU= {0.£i + *£i) U, 

where the full stop between and fl signifies multiplication, and the asterisk 

operation on the unpointed letters only. Thus, 

£1.0= o.n, 

and, consequently, (flO — OQ) U= {Q,* 0— 0*D.)U. 

• • • • 

Now, n* 0?7= 1 1 'Jaffl^'\'2{J— i)aiai+3{j — 2)a,a,+ +j\ laj^iOj^i] U, 

• • • • 

and * n ^7= \ 1 .jayOy + 2 (y — \)(i^^ + + {j — 1) 2aj-ia;_i +j. la/ij } U, 

whence we readily obtain 

(ftO — Oft) U=^j{arfifi + aitti + (Wh +.... + dflj) U 

• • • • ^^^ 

— 2 (aitti + 2020, + SojOs + • • • • +j<^i) ^• 

Introducing the conditions of homogeneity and isobarism, viz. 

• • • • _^^ 

(tttfOo + «!«! + «2^ +.... + dfij) U=- iU 

and (oxOi + 2oja, + 3o808 + . . . . +Jajaj) U'= w ?7, 

Vol. IX. 



2 Sylvester : Lectvres on the Theory of Reciprocants. 

where i and w denote the degree and weight of U, supposed now to be a rational 
integral homogeneous and isobaric function (or, to avoid a tedious periphrasis, 
say a gradient), we see that if the complete type of the gradient Uis tc; ij j\ 

(no— on) u= {ij— 2w) u= r,u, 

where >? is the excess. 

Since the operation of increases the weight of the operand by unity, but 
does not alter either its degree or its extent, it is clear that the type of (/U is 
^ + 0] i,j. The excess of C/Uib therefore 

</•— 2(tr + e) = >7— 20, 
and the theorem just proved shows that 

(no— on) (yu= (>?— 20) c/u. 

From this we pass on to prove that nO^ — O^n, acting on any gradient as its 

objective, is equivalent to y (>? — q + 1) 0^~^; i. e. when q is any positive integer 

we shall show that 

{aO'—0'a)U=q{y! — q+l)0'-'U. 

The subsequent consideration of a special case of this formula, in which U 

is replaced by any invariant /, will enable us to prove that there can be no 

invariants for which the excess t}* — 2tc is negative. Let 

then o»-*-^no'+^cr= p,+iCr, 

and therefore (P,+i — P,) U= 0»-'-^(nO— On) (TU. 

Substituting in this for 

(no — on) O'er its value (>: — 20) (/U, 

we have (Pf + i— Pt) U= (>; — 2$) O'-^U. 

Hence 

(P,-P,) U= {(P,-P,) + {P,-P,) + (P,-P,)+. ... + {P^-P^_^)iu 

= {r: + {r:-2) + {r: — 4) + .... + {y!-2q+2)\0'-'U 

= qir: — q + l)0'-^U. 
But since P,= fiO' and P,^ O*!!, this result may be written 

{Q.O'— 0'a)U=q(r; — q+l)0'-^U. 
If now 27= /, an invariant, we have £iU= 0, and our formula becomes 

aO*I=q{r! — q+ l) O'-'I. 
Writing in succession q=:m, m — 1, .... l,we obtain 

m{r,—m + l) 0^-^I= £iO*I 
(m — !)(>: — 111 + 2) 0"-» =nO--'/ 
(m — 2) (>7 — m + 3) 0" -'/= no- -»/ 
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By assigning to m a sufficiently large value we are able to make 0"*/ vanish as 
well as n/; for, the type of / being w] i,j\ that of O^'/is w + m; i,j\ But it 
is evident that no gradient can have a greater weight than ij\ the product of its 
degree and extent, for each term is a product of i letters none of them having a 
weight greater than J. If, then, we suppose that m^^ij — w+1, the weight of 
0"*/ is w '{' m = ij + 1. 

Therefore 0^/=0. 

Again, yj — m + 1 = ij — 2w — {if — t/? + 1) + 1 = — w. 

If, then, yj is negative, every term in the series 

m{yj — m + 1) , (?n — 1) (>7 — m + 2) , . . . . 2{yj — 1) , I.yi 
is negative and can never vanish. Hence we have successively 

O~-i/=0, O~-»/=0, /=0; 

i. e. when ij — 2io <C no invariant of the type w\i^j exists. 

Observe that the elenchus of the demonstration consists in the fact that the 
successive numerical factors yi — m+l,>7 — in+2,>7 — in + 3,....>7 are all 
non-zero on account of yi being negative; but if yi were positive we should 
eventually come to a factor yi — ^i which would be zero, and we could not conclude 
from (^ + 1) {yi — ii) O/ being zero that 0/= . Since >? — (m — 1) passes from 
V — (y — u?) to >7, i. e. from — w to yj /it passes through zero when y^ is positive. 

The second part of Cayley's completed theorem remains to be proved, viz. 
that when iJ — 2t/?=> 0, the number of linearly independent invariants of the 
type w]i, J 18 precisely equal to A{w;i,j)]i.e. to {w]i,j) — {w — l;i,y). I show 
this by proving that if i) (t/? ; i, j) is the number in question, keeping i andy con- 

• a 

stant and taking lo <^= -^ , 

D{w)iJ)^D{w-\)iJ) + D{w-2)iJ) + .... +D(0;t,y) 
cannot be greater than 

A('M?;i,y) + A(w?— l;i,y) + A(t/?— 2;i,,y)+ + A(0;i,y), 

and consequently, since we know that no single D{w]i^j) can possibly be less 
than the corresponding A (to; t,y), it follows that 

i)(t/;;i,y)+Z?(to-l;i,y) + Z?(t/;-2;i,y) + .... + D(0;i,y) 

= A(«?;i,y) + A(«7— l;i,y) + A(i£?— 2;i,y) + + A(0;t,y); 

and, furthermore, that each 

I){w\iJ) = /!ik{w\iJ). 
For if any D were greater than its corresponding A , some other D would have to 
be less, which is impossible. 



4 Sylvester : Lectures on the TTieory of Reciprocants. 

This principle of reasoning may be illustrated by imagining a row of ballot- 
bozes and supposing it to be ascertained that no single box contains fewer white 
balls than black ones. If, then, there are not more white than black balls alto- 
gether, the total number of whites must be the same as that of the blacks. And 
since there are just as many whites as blacks distributed among the ballot-boxes, 
the number of white and black balls must be the same in each box ; for other- 
wise some box must contain fewer whites than blacks, which is contrary to the 
hypothesis. 

Observe that the sum of the A's is (ti?; t, j)] for 
{w]i,j) — {w—l',i,j) + {io—l)i,j)—{ta—2',i,j) + + (0; i,/)— (— 1 ; ij) 

and (— l;i,y) = 0, 

since there is no way of composing — 1 with parts 0, 1, 2, ... .y. Hence what 

I have to show is that 

D{wii,j) + D{w-1; i,y)+....+2)(l;i,y) + 2)(0;i,y) = (i/?;i,y). 
I want preliminarily to express ll*0^/aa a multiple of /.* 
This can be done by a formula previously demonstrated, viz. 
£10^1= q{yi — q+l) O^-H, 

which gives 

similarly 

and finally, changing the order of the numerical factors, 

ll^O«/= 1.2.3 y{>7(,7_i)(,7_2) {yi—q+ 1)}^. 

This shows that £VO^I and h fortiori (fil can never vanish unless yi — j + 1 
becomes negative. 

Suppose now that I^ means an invariant of the type w — g^ ; i , y ; its excess 
is ty — 2 (it — g^) , and consequently 0*/^ cannot vanish unless ij — 2 (to — q) — g -f- 1 
becomes negative, which is impossible. For 
ij — 2(to — q) — q + 1 = ij — 2ti7 + g -|- 1, and ij — 2ir=>'0 by hypothesis. 

By taking 0^1^ as an imagcj so to say, of Ig we shall be able to obtain a 
limit to the number of IgS by obtaining a limit to the number of their images. 
In fact, taking the image O^Ig of each of the D{w — q] i,j) linearly independ- 

* The result of operating on I with O and Q each q times, the two operations following each other 
according to any law of distribution whatever, will always be a numerical multiple of / ; but the value 
of this multiple will differ for different laws of distribution. 
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ent invariants of the type w — q; i, j (this is what is meant by the Igs) and 
giving q all possible values from to ti; inclusive, the total number of these 
images is obviously 

D{w]i,j) + D{w-l;i,j) + .... + D{0]i,j). 
Each of them will be a gradient of the weight w — q + q {i- €. of weight w) , 
and will'consist of terms of weight t/?, degree i, and extent/. The total number 
of such terms will be the number of ways of making up w with i of the numbers 
0, 1, 2, 3, ... .y, or with the usual notation (to; t, j). If, then, it can be 
shown that none of these forms are linearly connected, then, inasmuch as they 
are all functions of the same {w',i,j) arguments, it will follow that their total 
number cannot exceed {w, i^j). L e. we shall have shown that 

D{w;i,j)+D{w-lii,j) + D{w-2;i,j) + .... + D{0ii,j) 
cannot exceed 

A{w;i,j) + A{w— lji,y) + A(ti?— 2;i,y) + + A(0;i,y), 

and by the ballot-box principle, as already stated (inasmuch as no D is less than 
its corresponding A), it will follow that each D is the same as the corresponding 
A , and the theorem to be proved is established. 

The proof of this independence is easy. For 1"* suppose that there is any 
linear relation between the forms 

o^/„ o«/^. o^/i^ . . . . , 

for each of which the value of q is the same. Denoting these forms by 

P P' P'^ 
let the relation in question be 

XPg + X'P^ + X"P^' + = . 

Then >Si^Pg + Wa^P^ + %"£i^P^^ + = 0. 

But each argument Il^Pg is of the form ii^O^I^, and since this is equal to Ig mul- 
tiplied by a number which does not vanish,* we have a linear relation between 

r p V* V17 

X/^ + X'iJ + ;i"/i' + = 0; 

i. e. the /^'s would not be linearly independent, contrary to hypothesis. Thus the 
images {O^Ig, O^iJ, O^I^q . . . .) belonging to invariants of the same type w — q-, 
i , j cannot be linearly connected. 

2°. I say that the images of invariants of different types cannot be linearly 
connected. For let g^, g^, g^', . . . . arranged in descending order of magnitude, 

* In fact, remembering that the excess of the type ti7 — g ; i , j is ij — 2(to — q)^z^ + 2q^we find 

QffOffIff = 1.2.8 g|(9 + 3g)(7 + 2g — 1) (7 + g + l)|/ff , 

in which both 7 and q are posUvve integers. 



* ^ 
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be the different values of 9 in the images supposed to be linearly related. The 
result of operating with A^ on any image of the form O*'/,, is to bring it to the 
form n^^^'n^'O^'/^,, which is a multiple of fl^ ""•'/,,, and therefore Tanishes. 
But £V, acting on any of the images O*/^, O'iJ, . . . . , wilL as we hare seen, 
bring back the multiple of /,; thus the operation of Q? on the supposed relation 

will give a linear equation connecting I^j I^, r^\ and for the same reason 

as before this is impossible. Hence there can be no linear relation whatever 
between the images of the invariants whose types extend from ir: i.j to 0: i.j. 
and the number of these images will accordingly be not greater than (ir: •./). 
as was to be proved. 

It is well worthy of notice that Z)(if;i,y) may be lero. but obviously 
cannot be negative, as it denotes a number of things which may have any value 
from zero upwards. Hence follows a remarkable theorem in the pure theory of 
partitions which it would be extremely difiScult to prove from first principles, 
viz. that the difference between the two partition numbers 

can never be negative when ij — 2«: = > 0. It may be zero, but cannot be leas 
than zero. This explains what I said about the hyperbolic paraboloid ij — 2ir = , 
where i, j, w are treated as co-ordinates of a point in space. We might call the 
value of (tr; i, J) — (ir — l;»,y) the density of any point i. j. ir, and the 
theorem may then be expressed by saying that at points within or upon the 
hyperbolic paraboloid the density can never be negative : for points outside this 
surface it can never be positive. 

As regards the analogous formula in the Theory of Bedprocants 

we do not know that any algebraical surface can be constmcted which will enable 
us to discriminate between the cases in which this difference, say E{fci i. j)j is 
positive or negative. Should such a surfiu^e exist, its equation must contain ir 
in a higher degree than the first. Supposing that the above formula represents 
the actual number of reciprocants, it will follow (and this Is confirmed by expe- 
rience) that there can be no reciprocants to a type of negative excess. For 

(ir;i,y) — (tr— l;i+ 1,/) 
= (ir: •,/)-(«:- l;,-,j)_[(«:_l:. + l,y)-(tr-l:i,y.)] 

= (tr; i,j)-(ir-l:. -,;)_(«:_.•- 2; •+!, J -1). 
But if y — 2ir is negative, (ir ; t\ j) — (ic — 1 : i , j ) is zero or negative. Hence 
(it; I , j) — (u: — 1 ; » + 1 , y) is non-positive. 
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For satisfied invariants (those ordinarily so called) ti? = -~ , and the formula 

for their number becomes T—- ; i, jj — (~^ 1 ; i, jj . 

As these form a well-defined class apart, it would have seemed very natural 
to begin with them in endeavoring to establish the theorem, reserving the theory 
of unsatisfied invariants (sources of co variants) for future consideration. But to 
all appearance it would have been very difiScult, if not impossible, to have 
succeeded in dealing with them alone. 

This is another example of the law in Heuristic that the whole is easier of 
deglutition than its part. 



LECTURE XII. 



Before proceeding further with the development of the pure analytical 
theory of reciprocants, it may be useful to point out some instances of its rela- 
tions and applications to geometrical questions. 

TTsing yi, y,, ys, . . . . y^ to denote the successive derivatives of y with 
respect to x* let the complete primitive of the differential equation 

be 4^(aj, y, J^j f£, i;, . . . .) = 0. 

We can in general so determine the n constants ^l, /[£, r, . . . . that the curve ^ 

may pass through n given points, and if we take these to be consecutive points 

on the curve 4> (a , y) = , 

^ and 4> will have a contact of the {n — 1)*^ order at a given point of 4>. In 

order that the curves may have a contact of the n*^ order at a point whose 

abscissa is x, the ordinates of 4> and ^ at that point and their 1"*, 2*, . . . . n^^ 

derivatives with respect to x must be the same for both curves. But at every 

point of 4> its differential equation 

F{x, y, yi, y,, yn) = 

has to be satisfied, and therefore the Xj y, yi, y^^ . . . . y^ of any point on 4>, at 
which contact of the nf'^ order with q> is possible, must also satisfy the same 
equation. 

* In future yi , ^2 1 ^s i • • • * y* wiU always have this meaning, the deriyatives of x with respect to 
y will be denoted hj Xi ^ x^ , x^ , , . , . ^ and whenever the letters t,a,&, o,.... are used they wiU 

stand for », , If^ , _|_ , _Jt4_ reepectively. 
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Now, suppose that for x and y we substitute given functions of them, 
X and F; the curves ^ and 4> become 

4)(X, F, X, f£, V, ) = and 4>(X, F) = 0. 

Contact of the n^^ order with the transformed ^ will therefore be possible at any 
point of the transformed 4> for which 

F{X, F, Fi, F,,.... FJ = 0, 

where Fj, F,, Fj, . . . . F,^ are the derivatives of Fwith respect to X. 

But, unless the function F and the substitutions X=/i(a, y), F=/, (a:, y) 
are so related that the transformed differential equation 

is identical with the untransformed one, the property marked by the contact of 
the transformed curves will not be identical with that marked by the contact of 
the imtransformed ones. 

For example, let i^=y,; then the relation between <p = y + Xx + (i=^0 
(the complete primitive of y^ = 0) and an arbitrary curve 4> is that the constants 
X and fi may be so chosen that the line y + 2a + (i=0 may have a contact of 
the second order at any point of 4> for which y, = ; and the property marked 
is an inflexion on 4> . But if we make the substitution X = x*, F = y*, so that 

(d \* 
-i-j J y* = and its complete 

primitive into y* + ^ + f£ = , it will still be possible so to choose ^ and (i 

that y* + ylo* + ^ = may have a contact of the second order at any point of an 

(d \* 
^jy* = 0, but the property marked, instead of 

being an inflexion, will be a contact of the second order with a conic having a pair 
of conjugate diameters coincident with the co-ordinaie axes. 

This property remains unaltered when the co-ordinate axes are inter- 

changed, and therefore the differential equation r^Jy* = will be identical 

with ( ;ri ) ^ = , in which the variables x and y have changed places. The 
identity of the two differential equations is easily verified, for 

ydx^J^ ~ 2x' dx\x ' dxj 2x ' \x 'da?^ X \dxj a? ' dx i 



k 
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80 that the differential equation may be written 

^y!/» + ^i — y!/i = 0. 

Interchanging x and y in this, we have 

yxx^ + ya^ — axTj = , 

in which, if we write a% = -^^ = — , and a% = -5-5 = — — , it follows immedi- 

^ dy y, ^ dy^ yi' 

^^y ^ yxxi + ya^ — xxi = — -J- {xyy^ + xy{ — yy^, 

and the identity in question is established. 

Such a form as the above, which merely acquires an extraneous factor when 
the variables are interchanged, might be called a reciprocant, if it were not con- 
venient to restrict the use of the word to forms in which the variables x and y 
do not appear explicitly. With this limitation, the geometrical property indi- 
cated by the evanescence of a reciprocant will be independent of the position 
of the origin, but not in general independent of the directions of the co-ordinate 
axes. Thus, we may prove that the equation 

indicates the possibility of 4-point contact with a hyperbola whose asymptotes 
are parallel to the co-ordinate axces. To do this it is sufficient to show that its 
complete primitive is the equation to such a hyperbola. 
Writing the equation in the form 

we see that its first integral is 

3 
log y%= -2 log yi + const. ; 

or, when prepared for a second integratioA, 

Hence * yjfi = ^ + f£, 

yi = {^ + f£)-», 

and finally we obtain the complete primitive 

>^{v — y)={^x + (i)-\ 
which proves the proposition. 

With the notation previously explained, in which yi = <, y, = 2a, y^= 6b, 
the differential equation is bt — a* = • We have therefore proved that at all 

Vol. DC. 
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points of a general curve for which the Schwarzian {bt — a*) vanishes, 4-point 
contact with a hyperbola whose asymptotes are parallel to the co-ordinate axes 
is possible. 

We now consider the important case in which the conditioning differential 
equation remains unchanged when the axes are orthogonally transformed, and 
is therefore found by equating to zero an orthogonal reciprocant The simplest 
example of this class of equations is that which marks the points of maximum 
or minimum curvature on a curve. Since these points are points of 4-point 
contact with a circle, the conditioning differential equation will be that of the 
circle ' (3. + ;^^)l+(y + ^)i+ ^ = 0. 

Differentiating this three times in succession, we have 

x+?. + {y + (i)t=0, 
l + e+2a(jf + ii) = 0, 

at + b{y + (i) = 0. 

Eliminating fi from the last two of these equations, y will disappear at the same 
time, and the condition for points of maximum or minimum curvature is found 
to be 2aH — b{l+e) = 0. 

In Salmon's Higher Plane Curves (2d edition, p. 357) the "aberrancy of 
curvature " is given by the formula 

The above differential equation is therefore equivalent to 5 = . 

If we differentiate the radius of ciurature p = ^ ^ = ^ T" , we find 

Hence it follows that tan 5 = -x- . -^ . 

The conditioning equation for points at which -^ or tan S is a maximum or 

minimum is ^ = ; or the same condition may be expressed by — -z — = . 
Now d^nd_d( b{l + e)^_ 2c(l+f) 2aht . 36'(l+f) 

is an orthogonal reciprocant, for it can be expressed in terms of legitimate 
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combinations of 1 + <*, which is an orthogonal reciprocant of even character, 
with the three orthogonal reciprocants of odd character, 

a, 6(1 + ^)— 2a*<, c(l + ^) — 5ai< + 5a». 

In fact, the above expression for — -^ — , when multiplied by a' to clear of frac- 
tions, becomes, 

2tt*_ 2a*6< + 36*(1 + — 2ac(l + ^) 

where the right-hand side is a linear function of orthogonal reciprocants of the 
same (even) character, so that the combination is legitimate. 

Quantities such as p, -£- , -^ , . . . . , or p, ^ , ^ ,...., where d^ is the 

angle subtended by the arc ds at the centre of curvature, have values inde- 
pendent of the particular position of the co-ordinate axes (supposed rectangular), 
and consequently these values, expressed in terms of <, a, 6, c, . . . . will be 
absolute orthogonal reciprocants. A differential equation expressing the condi- 
tion that any one of these quantities vanishes, or that any one of them has a 
maximum or minimum value, will also be independent of the position of the 
rectangular axes, and must therefore be expressible in the form of an orthogonal 
reciprocant equated to zero. 

Mr. Hammond remarks that, since the radii of curvature at corresponding 

points of a curve and its evolute are p and -^ , the radius of curvature of its 

n*^ evolute is ^^ . The radius of curvature of the v^^ evolute of any vf^ involute 

of a circle is constant, and, consequently, the differential equation of an n^^ 
involute to a circle is 

Writing this in the form 



( 



a ' dx J ' ~ ' 



a 

to which it is easily reduced, since 

we see by what precedes that the left-hand member of the differential equation 
is an orthogonal reciprocant. 



I 



■» 
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As an example of the class of singularities which next presents itself for 
consideration, let us find the diflFerential condition which holds at points of con- 
tact of the fourth order with a common parabola. This condition is expressible 
by the differential equation whose complete primitive is 

(y + xxf + 2?^ + 2£iy + r = 0. 

Differentiating three times in succession, we obtain 

(y + xx)(< + x) + X + /[£< = 0, 

2a(y + ;tx+/[£) + (<+x)« = 0, 

6(y + xa; + a) + a(< + x) = 0. 

The arbitrary constants v and 7. do not appear in the last two of these equations, 
from which, if we eliminate ^i, the variables x and y disappear at the same time, 
and we find 2a'— 6 (/ + x) = . 

A final differentiation and elimination give 

\Oah— Ac{t + x) = Q, 
Aac — bV=i). 

Points of 5-point contact with a parabola are therefore indicated by the eva- 
nescence of the pure reciprocant Aac — 66*. And in general the differential 
equation ^=0, where R is any pure reciprocant, indicates a property of a 
curve which may be called a descriptive singularity, since it is totally unaffected 
by the arbitrary choice of any two lines on the plane for the axes of co-ordinates. 
For it was proved in Lecture IX of the present course that if % be the degree 
and ^i the characteristic of R , the substitution of ly + mx + n for a: and 
Hy + m'x + w' for y changes R into {Tm — lm!)\lt -f- m)'^R, so that the differen- 
tial equation i2 = and the geometrical property corresponding to it are left 
unchanged by the substitution. 

Six-point contact with a cubical parabola is another example of a descrip- 
tive singularity. Its defining differential equation may be written in any of the 
following forms : 

462^24 — 46024yay^5+ 192yJyJ + 400y,y|y5 + ^^^yilAlA — 400yjy, = 0, 

125a»cP — 750a*6cd + 256aV -J- bQOah^d + 165a6*c* — 3006*c = 0, 

5 {^yiyi — ^^y%yzyi + 40//!)* 4-64 {zy^, — bf^^ — o , 

1 25 {a^d — Sabc + 26«)» + 4 (4ac — bV^f = ; 
or, if we make a*d — Sabc + 2b^=A and ac — . 6* z= 3f , the equation may 



be put in the form / -4 V . / M\^ 

C-16) + U) = 0- 
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In the theory of Binary Forms, when the numerical parameter x in 

{a^d — Sabc + 21^ + x {ac — b^ 

is so chosen that the highest powers of b cancel each other, the form divides by 
a* and gives the Discriminant of the Cubic 

a*e? — 6abcd + 46»(« +4a^— Sh'c'. 

In the parallel theory of Reciprocants the form 

125.4*+ 256if^ 

is divisible by a (instead of by a') , giving 

1 2ba^(jP — 750a*bcd + 500ab^d + 2&6aV + 165aAV — 3006*c, 

which may be called the Quasi-Discriminant. 

A complete discussion of the differential equation 

A^ + xM^ = 

is reserved for the next ensuing lecture, in the course of which it will appear 
that the Quasi-Discriminant equated to zero is the differential equation of the 
cubical parabola. 



LECTURE XIII. 

We may integrate the general homogeneous equation in reciprocants extend- 
ing to d, inclusive, as follows : 

Calling ac—^b^ = M and aH — Sabc + 2b^=A, 

the equation in question will be of the form 

A^ + xM^=0. 
But if we write ^ =i Aa^, 

where ^, a are general linear functions of the co-ordinates, say 

y + mx + n, y + mfx + n\ 

we may eliminate the five constants m, n, rw', n', A, and the result will evidently 
be a pure reciprocant extending to d, inclusive, and, being homogeneous and 
isobaric, can only be of the form 

A^ + xM^ = 0, 
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so that it remains only to determine x in terms of X, or, which is the same 
thing, ^ in terms of x. 

The solution ^ = Aa^ implies a = A ^^^. Hence the equation between 
M and A must be of the form 

^{(^ +P){P^ + 1)}'^' + {(^ + ?)(?^ + l)K-4' = 0, 
where 6 is a constant, for otherwise there would be more than one general solu- 
tion to it. It only remains then to determine the values of jp, q, 6, t,y, which 
may be affected by considering the particular solution y=za^. 

When X = 2, if and A both vanish, and if ^ = 2 + e, where e is an infini- 
tesimal, if and A will each be of the same order as e (that the first power of s 
does not vanish in Jf or J. may be easily verified). Henoe 2 + q + 6 is of the 
order c, and therefore q= — 2 andy = 1 . 

When X = — 1 + c, M remains finite and A is of the order c. Hence 
^ = 1 and 1=1. Thus, the equation is 

d{X+ ly^P +{X— 2)(2X — 1)A^ = 0. 
To find e, let a = 3 and y = a?] then 

g 

a=3a, 6=1, c = 0, d=zO, M— ^ » -^=2, 

5* 16 

so that — 6.-x^ + 5.4 = 0, ^ = "25' 

and finally 16 (X + l)*Jf^ + 25 (2^* — 5X + 2) il* = 

has for its integral /3 = Aa^. 

If X = 00, we may make 

2^ = (1 + fy = ^' 

and, consequently, /? = c**, which contains five independent arbitrary constants, 
.will be the general integral. 

For a parallel method of deducing the Integral of ^ + xA^ = , where A 
(our future AG — IP) is the projective reciprocant whose letters go up to/, see 
Halphen's Th^e sur les Invariants DifP§rentiels, Paris, 1878. 

Mr. Hammond has succeeded in deducing the equation between A and M 
from the primitive ^ = Aa^ by direct elimination, as shown in what follows. 
Possibly he, or some other algebraist, may eventually succeed in the more 
diflBcult task of obtaining the DiflFerential Equation to y = ^^a}"^ {i. e. the linear 
relation between A^ and A^) by some similar direct process. 
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Differentiating the equation ^a"^ = X three times in succession, and observ- 
ing that, since a = y + mx + n and fi = y + m!x + n', 

^/f Off ^y .- 

we have a/3' — Tia'fi = , 

^^(a - ;ii3) + (1 -X)a^^'= 0, 

Prom the last two of these three equations we obtain, by eliminating (a — ^fi), 

or, writing 

y,= 2a, ya=66, 2 — X = 32», 1 — 2;i = — 3r*, 1—^ = 2* — r*, 
and dividing by a'^', the equation assumes the form 

Differentiating again, remembering that a'^ = ^" = 2a , and — = 36 , -p = 4c , 
we find 4ao— 66' , . ,. _ g* . r' 

The elimination of ^' between this and the equation immediately preceding it 
gives 4ao — ' 66' 



{^-r'W+{^{^-r*) + ^y-^ = 0. 



4a* 
Writing in this 4ac — 56* = 4M, we obtain by an easy reduction 

4^Ma'* = r*{2a* — ba'\*, 
and, taking the square root of each side, 

a' (2j-v/if + rb) — 2a'r = 0. 
A final differentiation gives 

Finally, eliminating a', we obtain 

{2qj^M+ rb){2q^M— 5rb) + ar (4cr + ^^) = 0. 
Hence ^j^^ _j_ ^^ ^^ _ g j^ j^^ + r» (4ac — 66«) = ; 

or, 4(2» + r»)Jf*+5r(aJf — 86Jf) = 0. 

Now, if' = ^=-^(ac-^')=5ad-76c, 
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and, coTiBoquently, 

MO that we may write 

i{^ + T*) M^ = — qr{aJf — 8bM)= — bqrA: 
or, !«(?• + f^YM* — 2b^f^A^ = , 

where 3^ = 2 — ?. and — 3r* = 1 — 21. 

Replacing ^ and r* by their expreflsions in terms of SI. the differential 

equation becomes 

1 6 (X + 1 yiP + 26 ( 21* — 5A + 2) il» = . 

Some special cascB may be noticed. 

When % = 2 or -^- , the equation reduces to if = 0. which is the differentiml 
equation of the common parabola previously obtained. 

When 1 = 3 or ^ , we obtain 2661P + 125j1* = for the equation of the 

cubical parabola, where the expression on the left-hand side is the Quasi- 
Discriminant. 

When 1 = — 1 , we find il = for the differential equation of the general 
conic. 

When 1 is an imaginary cube root of negative unity, so that 1* — l + i =: 0, 
we have (1 + 1)* + (21* — 51 + 2) = 0, 

and the differential equation becomes 

16lP—25A^ = 0. 

We shall subsequently avail ourselves of this result in finding the complete 
primitive of the Halphenian A. 

In the case where 1 is infinite, from the complete primitive ^ = c** we first 
eliminate the exponential function and afterwards the arbitrary constant /. 

Thus we find /?' = Za'i3 and ^ = -^ + 4" ; 

or, y^(a! — ^) — a!^=0. 

Hence ys^ {<x! — ^) — yifi' {a' + 2^) = 0. 

The elimination of ^ gives 

y«a'i3'-j^,(a'+2^) = 0; 
36 1.2 



or, 



2a* ~ ^ "^ a' • 
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Comparing this with the equation previously obtained, 

^ (^ ^\— ^ ^ 

we see that 2*= 1 and r* = — 2. Substituting these values in the differential 
equation 1 6 (s* + ^)'^ — 25^r»-4» = , 

it becomes 8 if' + 25^1* = , 

which is the differential equation corresponding to the complete prinutive 
/3 = eu. 

We shall hereafter consider in detail the theory of that special class of pure 
reciprocants (M. Halphen's Differential Invariants) which retain their form when 
any homographic substitution is impressed on the variables ; i. e. when, instead 
of X and y , we write 

Since perspective projection is the geometrical equivalent of homographic 
substitution, it follows from the definition of Differential Invariants that they 
are connected with the properties and relations of curves which remain unaf- 
fected by perspective projection. For this reason DifiFerential Invariants are 
sometimes called Projective Reciprocants. Two reciprocants with which we are 
familiar belong to this important class. One of them, y%OT a, vanishes at points 
of inflexion on the curve y z=:f{x) ; the other, 

9yiy5 — 46y,y8y4 + 40^, or a^d — 3a6c + 26^ 

which, for reasons given below, we shall call the Mongian, vanishes at sextactic 
points ; {. e. at points where a conic can be drawn having 6 -point contact with 
the given curve. 

To illustrate the distinction between a projective and a merely descriptive 
singularity, consider for an instant the pure reciprocant 4ac — 56', which, as we 
have seen, vanishes at all points of a general curve where 5-point contact with 
a parabola is possible. Now, 5-point contact with a parabola is a descriptive but 
not a projective singularity; after projection the parabola becomes a general 
conic, and 5-point contact with it becomes 5-point contact with a general conic, 
which is not a singularity at all. But inflexions and sextactic points are indelible 
by projection, and thus belong to the class of projective singularities. 

The differential equation to a conic was originally obtained by Monge in 
the form %yiy^ — 45y^^^ + 40yi = 

Vol. IX. 
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(see Monge, Sur les Equations diflG§reDtielles dee Courbes du Second Degr6. 
Corresp. sur I'i^cole Polytech. Paris, II, 1809-13, pp. 51-54, and Bulletin de la 
Soc. Philom., Paris, 1810, pp. 87, 88). At the end of the first chapter of his 
Differential Equations, Boole mentions this form of equation as due to Monge, 
but without any reference, and adds the remark: "But here our powers of 
geometrical interpretation fail, and results such as this can scarcely be otherwise 
useful than as a registry of integrable forms." The theory of Reciprocants, 
however, furnishes both a simple interpretation of the Mongian equation and an 
obvious method of integrating it. 

To see that the differential equation of a conic is satisfied at the Sextactic 
points of a given curve, we have only to remember that at such points the 
derivatives of y with respect to x , up to the fifth order, inclusive, are the same 
for the given curve as for a conic. 

We proceed to show how the Mongian may be integrated. Writing in the 
above equation 

y,= 2a, ^8=2.36, y4= 2.3.4c, ^5= 2.3.4. 5d, 

it becomes oi^d — Zahc + 26' = , 

where it can hardly fail to be noticed that the left-hand member of the equation 
is an ordinary Invariant as well as a Reciprocant. It will be proved hereafter 
that all Differential Invariants possess this double nature. 

Now, if f£ = 3i + t£? , where i is the degree and w the weight of any pure 
reciprocant JB, the ordinary theory of eduction shows that 

is another pure reciprocant. 

When we consider the letters a, 6, c, . . . . in any invariant / to mean 

2 ' 2^ ' 234 » • • • • *^® parallel theory of generation for Invariants gives the 
corresponding theorem that if i; = 3i+ 2ti7, where i is the degree and w the 
weight of/, a^-vhl 

a / I\ ax 

dx \aT/ a»+^ 

is also an invariant. 

A strict proof of this theorem will subsequently be given. For present . 
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purposes it is sufficient to notice the easily verified special cases of the two 
theorems d /'4ae — 6b\ _ 20 {cfd — Zabe + 26^) 



/ 4qo — bb^ \ _ 



d f (u^ — b\ _ 5{a^d — 3abo + 2b^) 
and -3— f 10 I _ 11 • , 

It follows as an immediate consequence that the equation 

a*d— 3aJc+26»=0 

admits of the two first integrals 

oTT (4ac — 56*) = const, 
and a~T {ac — 6*) = const. 

Now, a-f (4ac — bV)z=i— {or fi) = — — — (^-f ) ; 

80 that the Mongian equation is equivalent to ^ («""'■) = 0, or to -rj {yT^) = 0. 
We thus obtain an integral of the form 

from which the complete primitive may be found by two easy integrations. Thus, 

p dx m-^nx 

^^ ^ ~J (i + 2ma: + nai«)' ~ (fo — m')(Z + 2ma: + tlc*)* 

gives y +2^0? + ? = ^^_^a (^ + 2mx + wo*)*, 

which is the equation of a general conic. 

By first interchanging the variables x, ^ in the Mongian equation (whose 
form remains unaltered by this interchange, since c^d — Zahc + 26' is a recip- 
rocant) and then integrating three times with respect to x , we should find another 

integral of the form a^-f = 7 + 2m'y + w'y* . 

The solution may be completed by two integrations, as in the former method. 

Mr. Hammond remarks that — ^ — o — = -^ («') , where .< = yi . For, since 

d dx d 1 d 

lU~ li'dx~2a'db ' 

1. d , t. 1 2 L ^. b 

we have ^7 (an =--.---. a""^. 36 = ~x , 

Of ^ ' 2a 3 a» 

and, consequently. 
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Hence the integral ar^ {dc — J/) := const, previously obtained for the Mongian 

is equivalent to -^ («*)= constant; i. e. to -7^ {y\) = const. Thus we have 

another integral of the form 

y\ = '^+ 2(iyi + vyi, 
from which it is also easy to pass to the complete primitive. 

I add a few general remarks relating to the subject-matter of this and the 
preceding lecture. Instead of the cumbrous terms Projective Reciprocants or 
DiflFerential Invariants, it may be better to use the single word Principiants to 
denominate that crowning class or order of Beciprocants which remain, to a 
factor prfes, unaltered for any homographic substitutions impressed on the 
variables. This is the species princeps. If we go back to the species infima^ we 
see the beginning of life in the subject. In general Reciprocants, all that is 
aflSrmed is that there exist forms-functions of the derivatives of y in regard to 
X which (to a factor pr^) remain unaltered when the variables x and y are 
interchanged, so that /(yi, yg, ya, . . . .) becomes 4>(ari, cr,, cts, . • . .)• ^^^^ 
function 4> only differs from / by the acquisition of an extraneous factor ( — Yy*i ; 

*• ^- fivu y2, y8» — ) = {—Yvifip^i^ ^^ ^s^ — )• 

A particular species of these general (mixed) reciprocants arises when 
f{yi, ygi y8> • • • •)» differentiated in regard to yi, gives a reciprocant. These 
are Orthogonal Reciprocants, and in them we see the first dawn of free contin- 
uous motion as distinguished from mere displacement (or mere interchange of 
axes). Orthogonal Reciprocants, when a, y are rectangular co-ordinates, remain 
unaltered (save as to a factor) when the orthogonal axes are moved continuously. 
A quarter of a revolution of course will reverse their original positions, so that 
we see the condition of mutual displacement is fulfilled. Thirdly, Reciprocants 
into whose form the first derivative y^ does not enter are called Pure. Their 
form is invariable when the axes (now taken generally) undergo separate 
displacement (instead of turning round together) in a plane. Here there is a 
further development, so to say, of life in the subject. 

Finally, in Principiants, a particular species of Pure Reciprocants, the inva- 
riance remains good, not merely for any position of the axes of reference, but 
for any homographic deformation of the plane in which they lie, so that the 
evanescence of a Principiant corresponds to some property of a curve not only 
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intrinsic but indelible by projection, as ex. gr. an inflexion, or a double point, 
or a sextactic point, and so on. 

It is clear from this review that the Theory as we have given it goes to the 
root of the subject, and that the word Reciprocant is rightly chosen ss conveying 
the notion of a property which is common to the entire continuous series of 
forms bearing that name. All the links of this connected chain are thus compre- 
hended under the general name of Reciprocants. 



LECTURE XIV. 

The remaining lectures of the course will be devoted to the theory of Pure 
and Projective Reciprocants. I shall first treat of the existence and properties 
of the Protomorphs of Invariants and Reciprocants, using the latter system of 
protomorphs to obtain all the fundamental forms of Reciprocants in the letters 
a, 6, c, d, e. I shall then pass on to the theory of Projective Reciprocants, or 
Principiants, with its applications contained in M. Halphen's Th&se pour obtenir 
le grade de docteur 6s sciences (Paris, Gauthier Villars, 1878). It will be seen 
that M. Halphen's very ingenious methods become greatly simplified when his 
results are read by the light of an important discovery in the theory of Prin- 
cipiants recently made by myself and Mr. Hammond working conjointly, arising 
out of a theorem put forward by one of my hearers. This theorem, on exami- 
nation, we found was necessarily erroneous find would fail at the very first step 
of its application. But although the proposition stated was wrong, it contained 
an Idea which survives and may be incorporated in a valid and extremely 
important theorem, which I will endeavor to explain. 

A Principiant, besides being an Invariant in the original letters 
a, 6, c, d, . . . . is also an Invariant in the letters a, A, B, G, D, . . . . where 
each capital letter is itself a Reciprocant ; and, conversely, every invariant in 
the capital letters A, B^ G^ D, . . . . is a Principiant. The invariants in the 
capital letters form a system of protomorphs for Principiants, so that every 
Principiant is either some such invariant simply, or a rational integral function 
of such invariants divided by some power of a. Thus, for example, it will be 
proved that the Cubic Criterium (i. e. the Principiant which gives, when equated 
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to zero, the differential equation of a cubic curve) may be expressed as the 
quotient of 

^A^+ ^A{A^D — ZABG+ 2EF) — {ACE— AD' — ffE + 2BCD — C^ 

by the fifth power of a . 

The proof of this theorem is based upon the fact that we can form a series 
of terms beginning with the Mongian (viz. a^d — Sahc + 26") , say A, B, C, D,.... 
such that ilA = , 

ilB = Ax Y» 

aG= 25x-| , 
nz)=3ax-J, 



where ft = adt + 263^ + Zcdd + •..•• 

coupled with the fact that every Principiant must be a function of the letters in 
such series and the small a . 

Each consequent of the series A, B^ (7, />,.... is, so to say, an Invariant 
relative to its antecedent ; it becomes an actual Invariant when its antecedent 
vanishes. 

In the theorem as originally proposed, each letter of the series was derived 
by the operation of an eductive generator upon the one which precedes. In the 
true theorem the scale of relation is between three and not two consecutive 
terms. Calling the letters ti^ , t^ , t^s , • • • • t^< » we have 

(i + 7) i^,+, — (7w,+i + (i + 1) Ma, = , 

where G is the ordinary eductive generator, 

4{ac—h^)dt + 6{(id—bc)d, + 6{ae — bd)da+ , 

M is the first pure reciprocant after the monomial a, viz. M=zac — T" ^*» 

Uo = J. = a^d — 3aJc + 2b\ and 6ui = GA. 

But although, as I have said, the theorem in the form proposed was abso- 
lutely erroneous, its proposer has rendered an invaluable service to the theory 
by the mere suggestion of what turns out to be true, viz. that every Principiant 
is an Invariant in regard to a known series of Reciprocants considered as simple 
elements. 
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To this theorem there is a correlative one, for it will be shown that there 
exists a series of invariants Aq, Ai, A^t . . . . , the first term of which, Aq, is the 
same as the Mongian A, each of the other terms of the series being a Becipro- 
cant relative to the one that precedes it. In fact, we have 

74i = — a«A, 



VA^=—ncfA^^i, 
where 7= 4 (^J^ft + 5a63^ + 6(ac+ -^J 9^ + . . . . , 

and, as a consequence, every Principiant will be an Invariant in respect to these 
Invariants and the first small letter a. 

Thus, speaking symbolically, we have not only 

P = i2 + / 

(a logical equation meaning that P has the same qualities as both R and /, or 
that a Principiant is both a Reciprocant and an Invariant), but also 

P=IR and P = //, 

meaning that a Principiant is an Invariant of Beciprocantive elements, and an 
Invariant whose elements are themselves Invariants. 

I may add that the invariantive elements A^, Ai, A^, A^, . . . . are defined 
by the equations 

Aq^^ -a, 



A.= 0-.(^)B+(±)-A. 



« • A v« 



so that any invariant in the reciprocantive elements A, B, C, D, . . . . is equal 
to the corresponding invariant in ^i,, ^|, ^, ^,, . . . . Thus, 

AG—B*==A^t — Al, 

A*D — ZABG -\-2B» = AIA3 — 3^.1,^1, + 2AI 

AH— 4BD + 3C* = A^At — 4AiA, + 3^^, 



24 Stlvbstbb : Lectf$re8 on the Theory of Reciprooanta. 

M. Halpben appears not to have noticed the Principiant AE — 4BD + 8 0^*, 
which presents itself naturally when the theory is viewed from our present 
ground of vantage, but A, AC — B^ and A^D — 3-45(7+2fi* occur in his 
Th^ in connection with the curve 

in which a , /3 , y are any linear functions of x , y , 1 . 

When ;i = — 1 the differential equation of this curve (the conic a;3 = y*) is 
^ = 0, but it is AC — B^=z 

when A, is a cube root of negative unity, and 

AW — SABG+ 23^=0 
when X has an arbitrary value. 

Before making out an exhaustive table of all the irreducible forms of pure 
reciprocants in the letters a, b, c, d, e similar to, but not identical with, the 
corresponding table for invariants, it seems to me desirable to say something 
of Protoniorphs in general; and this will be better understood if we devote a 
short space to the protomorphs of Invariants. The simplest forms of these are 
the following well-known ones of alternately the second and third degrees : 

P^ = ac — b\ 

P^ = a*d~Sabc+ 26^ 

P^ = ae — 4M + 3c*, 

P^ = aY—6abe+ 2acd + 86*d — 66c*, 

P^ = agr — 6fe/+ 15ce— lOt?, 

P^ z= a^h — lahg + 9acf— bade + 126y — ZOhce + 20W*, 

The quadratic Protomorphs P,, P4, P^, . . . . , are absolutely unique, for the 
number of invariants of the type j] 2,y is {j\ 2,y) — (j* — 1; 2,y)= 1 if y is 
even, and = if y is odd. Their form is so well known that there is no need 
to dilate upon it here. 

The cubic ones P^, P^j P^, . . . . j may be derived from the quadratic ones 
by means of Oayley's generators, given early in the course, viz. : 
Pz=z {ac — I?) dt + {(id — 6c) 3c + («^ — hd) 3^ + . . . . , 

Q={ac — 2h^)dt + 2{ad— 2bc)dc + S {ae — 2bd)da + 

Let us first use the P generator 

P{ac~J^) = a{ad — bc)— 2fe(ac — J») = a^d — Sabc + 2h\ 
P{ae — 4bd+ 3c*) = a{af— be) — 4&(ac — bd) + 6c{ad — bc) — 4d{ac — l^) 

= ay— babe + 2acd + SV^d — 66c*. 
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Similarly, we find 

P {ag — 66/ + 15ce — lOe?) = a% — 7abg + 9acf— bade + 1 2Vf— 306cc + 206cP, 

and 80 on. 

Let / be any invariant whatever of the type to; t, j (satisfied or unsatisfied) ; 
then using the original forms of the generators P and Q as given by Cayley 
(see Lect. IV), we have 

PI= a{hda + cd, + dd, + )I—ibI, 

Qr=a{cd, + 2ddc+Seda + )/— 2wbl, 

and, consequently, 

UP-Q)I=a\jbda+U-'^)cd, + U-2)dd,+ ....lI-{ij-2w)I. 
If in this formula we write 

=jbda + U- i)cd, + u- 2)dd, + ...., 

it becomes {JP — Q)I=a 01— {ij — 2t£?) bl, 

which, when / is a satisfied invariant, so that ij — 2w:= and 07= 0, reduces 

to (yp- (2)7=0, 

showing that the forms obtained by operating with either P or Q on any satis- 
fied invariant are the same to a numerical factor prfes. 

Now, each quadratic protomorph is a satisfied invariant (for when w =^j 
and i= 2, iJ — 2w = 0), and therefore the cubic protomorphs found by operating 
on the quadratic ones with Q will only differ by a numerical factor from those 
already obtained by the operation of P. But we must not conclude from this 
that the cubic protomorphs are unique. Their number is in fact given by the 
formula (/; 3,y) — {J— 1 ; 3, J) , 

where it is obvious that 

(y-l;3,y) = (y-l;3,y-l); 

so that the above formula may be written 

(y;3,y) — (y— l;3,y— l), orsay A(y;3,y). 

Now, there is a simple rule for finding {j] 3,y) ; it is the nearest integer to 

ft 4- 3)* 
T^^ . From the following table, obtained by the use of this rule. 



• 

J = 


2 


3 


4 


5 


6 


7 


8 


9 


10 


11 


12 


13 


14 


15 


(y;3,y) = 


2 


3 


4 


6 


7 


8 


10 


12 


14 


16 


19 


21 


24 


27 


A(y;3,y) = 




1 




1 




1 




2 




2 




2 




3 



it may be seen that for any odd number y=]> 9 there are two or more forms of 
extent j equally entitled to rank as protomorphs. If I be the last letter which 
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occurs in one of these forms, its first term will of course be c^l ; the difference 
between any two such forms will not involve the letter Z, and will only extend 
to Tc^ but will still be of the same (potential) extent as I. 

The property of the protomorphs a, P,, Pj, P4, . . . . is that every inva- 
riant is a rational integral function of them divided by some power of a, as 
appears from the fact that Q, any given rational integral function whatever of 
the letters a, b, c, d, e, . . . . , may obviously be expressed as a rational integral 
function of a, 6, Pj, Pj, P4, . . . . divided by some power of a. Thus, 

(2 = a— 4>(a,6,P., Ps, P4, .. ..)• 
Suppose Q to be an invariant /; then 

i^=4)(a, 6, P„ Ps, P4, ), 

and, consequently, - • 

fl(/a-) = ffla+^Il6 + ^ni'.+ ^fli..+ 

where XI is the annihilator for invariants ; so that 

n(/a'^) = o, na = o, np,= o, np, = o, 

We have therefore d4> n-L d^ ^ 

db db 

Hence ^ does not contain &, but is a rational integral function of the proto- 
morphs alone, and 

/=a-«4)(a,P„P3,P4, ....). 
I shall show how to obtain a similar scale of forms possessing like properties 
for pure reciprocants. 



LECTURE XV. 

A Protomorph may be defined as a form whose weight is equal to its 
actual extent, so that its type is j]ijj. The first protomorph is a , which 
corresponds to y=0. For higher values of y it follows immediately from the 
definition that every protomorph will contain a term a*"^Z, in which the letter of 
highest extent appears only in the first degree multiplied by a power of the 
first letter. The existence of this term enables us to instantly recognize a 
protomorph. As in the case of invariants, it will be shown that every pure 
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reciprocant is either a rational integral function of protomorphB or else such a 
function divided by some power of a. But first it will be better to prove 
h priori their existence and exhibit examples of them for the earlier values ofy. 
It was proved, in Lecture IX, that the number of pure reciprocants of the 
type ti? ; 1, y is at least equal to 

{w)ij) — {w—\\i+ l,y). 

Now, obviously, the number of partitions of w into i parts not exceeding w + e 
is the same as the number of partitions of w into i parts not exceeding w , so 
that {w ; i, to + a) = (to ; t, w) ; 

and since, by a well-known theorem, (to; i^j) z=,{w]j^ t), we see that 

a result which follows more immediately from the consideration that the parti- 
tions of w]w + B^j diflFer only from those of to ; ti? , y by c columns of zeros, as 
we see in the annexed example : 



3;6, 3 



3;3, 3 



30000 300 
21000 210 
11100 111 

Hence, if to=y, and t=>^y, we have 

and (t^— Ij i+ ^J) — {3 — T^)J—'^J— !)• 

Thus, the number of pure reciprocants of the type J] j\ J is 

(y;y»y)— (i— i;y— iiy— 1)» 

in other words, the difference between the indefinite partitions of J and those 

of y — 1 . Expressed by means of generating functions, this difference is the 

coefficient of ar' in 

1—x 

(1 — a?)(l —a?){l — a^ (1 — »0 

= coefficient of x^ in the expansion of 



{l—a?){l—af) (1— a?0' 

This coefficient is a positive integer for all values of j (except y = 1 , when it is 
zero), which proves the existence of reciprocants of the typey;y,y when y has 
any value except unity. 
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But we wish to prove the existenco of one or more reciprocant8 of the type 
Ji J^J which actually contain a term of the form (i-^"V, where the letter I is of 
extent/. The number of such forms is the ditTercncc between the number of 
pure reciprocants of the types y;/,/ iiii^J]j\J — 1 • 

Now, the number of linearly independent pure reciprocants of the type 
y;y,y has just been shown to be 

{j'jj)—u— i;y— i.y— 0- 

And, in like manner, that of the linearly independent reciprocants of the type 
J'JJ— 1 is 

o;y,y-i)-(y-i;y+i.y-i) 

The difference between these two num])ers is therefore 

For the only partition not common to the two types isy.O•'~^ made up of one 
j andy — 1 zeros, which belongs to the first type, but not to the second. Hence 
reciprocants of the type j]j, j contain one term which those of the type y ; j, / — 1 
do not, and which can only be a^'^l. This proves the existence of protomorphs. 

In the latter part of the above proof we have iissumed the truth of the 
theorem, which, however probable, is not demonstrated, that tlie number of 
reciprocants of the type ir ; /, j is {io\ i, y) — (?r — 1 ; f + 1 , j) and no more [that 
concerns the subtrahend, viz. : {J: j\ j — 1) — (y — 1 ; y — 1 , y — 1)] . 

We shall, however, have an independent method of arriving at Protomorphs 
by direct generation, just as we saw that all the cubic protomorphs to invariants 
were derivable by direct operation of generators from the quadratic ones. 

The difference between the two cases is that the lowest degree of Invari- 
antive Protomorphs fluctuates alternately between 2 and 3. For Beciprocantive 
Protomorphs the lowest degree corresponding to a given extent fluctuates, but 
has a tendency to rise, and goes on progressing until it exceeds any assignable 
number. 

It is interesting to find what the degrees are for successive values of y. 
The calculations required are greatly facilitated by an extensive table of parti- 
tions given by Euler in 1750, and partly reproduced by Cayley in the Ameriy^an 
Journal of Mathematics, Vol. IV, Part 3. In the table as presented by Cayley, 
the number in cohmin j and line i means the number of ways of partitioning y 
into exactly i parts (zeros excluded). Hence, to find the number of ways of 
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partitioning J into i parts or fewer; i. e. to find (^ ; i, «>) or its equivalent (^j i,j), 

we must add up the numbers in the 1"*, 2*, S*" i** lines of column y. 

When these summations are naade we obtain the subjoined table : 







1 


2 


8 






6 


EXTKHTJ 

7 8 9 


10 


11 


U 


18 


14 


16 


18 


17 


18 






' 


1 


1 






1 


1 


1 


1 


1 


1 


1 


1 


• 


1 


> 


1 


1. 






1 


a 


a 






4 


4 


6 


5 


6 


« 


7 


7 


8 


8 




B 


10 


II « 




1 


a 


8 






7 


8 


10 ] la 


14 


16 


,. 


31 


24 


« 


80 


S3 


37 


1* 




^ 


3 


« 


5 


8 


• 


11 


IS 


18 


n 


37 


34 las 


„ 


« 


64 


72 


84 




1 


3 


3 


S 




10 


19 


« 


S3 


30 


57 


47 67 


70 j 84 


lOl 


119 


141 






1 


a 


h 


6 




11 


14 


eo 


aa 


S5 { 44 


&8 


71 


90 110 ' 138 


163' 199 
201 348 






' 


2 


ft 


S 




11 


16 SI 


28 


88 


49 


65 


ea 


105 131 






1 1 


3 


8 


6 




11 


IS aa 


29 


« 


58 70 


89 


116 146 


230 388 



The number of pure reciprocants of the type^; i,j is 

0';*.i)-{y-i; « + i.» = 0";*.y)-(y-i; i+i,/-i). 

To find the minimum degree for protomorphs of extent j we have therefore 
only to see for what value of i any figure in the j column first becomes greater 
than the figure in the column to the left one place lower down. The fluctua- 
tions of the minimum degree are indicated by the dark irregularly waving line 
which runs through the table. 

Accordiogly, we find that the types of the protomorphs, omitting to, which 
is always equal toy, are as follows : 

(2, 2), (3, 3), {3, 4), (4, 5), (3, 6), (4, 7), (4, 8), (6, 9), (5, 10), (6, 11), (5, 12), 

whereas for invarianta they are 

(2, 2), (3, 3), (2, 4), (3, 5), (2,6), (3, 7), (2, 8), (3, 9), (2, 10), (3, 11), (2, 12) 

Correspouding to the extents 

2, 3, 4, 5, 6, 7, 8,9, 10, 11, 12, , 

the lowest degrees of the Reciprocantive Protomorphs are 

2, 3, 3, 4, 3, 4, 4, 5, 5, 5, 6, . . . . 
Contrast this with the regularly fluctuating series 

2,3, 2, 3, 2, 3, 2, 3, 2, 3, 2, 3 , 
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whi(rh kIiowh the minimum degrcen of invariantivc protomorphs for successive 
extents. 

It may be proved, from known formulae in the theory of partitions, that as 
the extent in<!reii8e8 the minimum def;ree of reei])rocantive protomorphs increases 
(on the whole) and ultimately becomes infinite when the extent is so. 

The apparent number of ])rotomorp)id to the several types is 

(2. 2), (3, 3), (3, 4), (4, 5), (3, 6), (4,7), (4, 8), (5, 9), (5, 10), (5, 11), (6, 12) 

1111112 3 4 2 3 

Tlie explanation of thin multiplicnty is tlie same as that previously given for the 
case of invariants : the dillerence between any two protomorphs of a given type 
J] if J will be a reeiprocant (no longer a i)rotomorph) of the typey; ijj — 1. 

For the only term containing the letter / (of extent jT) will disappear from 
tlie result of subtraction ; and, accordingly, the above numbers, each diminished 
by unity, will give the numbers of a set of reciprocants of the same degree- 
weight as the protomorphs, but of a smaller (actual) extent. 

Assuming that the number of pure reciprocants of the type tr; »,/ is cor- 
rectly given by the formula 

(*r; i,y) — (tr— 1; i + l,/), 

Fiuler s great table of partitions, already referred to, enables us to carry on the 
determination of the minimum degree and multiplicity of protomorphs for all 
extents iu« far as 51). 

If m is the multiplicity corresponding to the minimum degree i of a recip- 
rocantive protomorph whose extent is j\ we form without difficulty, using only 
the principles explained above, the following table : 



J = 
m = 

m = 



1 
1 

1 

12 V\ 

5 I 6 

3 6 



2 
2 

I 



3 
3 
1 



4 I 5 

I 

3 4 



1 



1 



14 15 16 
li 6 6 



1 



I 



8 ft 



I 



III = 



= 24 25 






32 



14 



20 



v^ 



i^ 



27 



28 



S4 82 



f 
15 

2J> 

9 

5S 



6 
3 
1 

18 
7 

18 

SO 



9 



45 



< 
4 
1 

19 

7 

12 

31 

10 

207 



8 

4 

I 2 

20 

I 

7 
12 

32 

10 

211 



9 
5 
3 

21 
7 
2 

33 

10 

180 



10 

5 

4 

22 

8 

40 

34 

10 

161 



i 



11 
5 
2 

23 

8 

32 

35 

10 

102 
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36 


37 


38 


39 


40 


41 


42 


43 


44 


46 


46 


47 


10 


11 


11 


11 


11 


11 


11 


12 


12 


12 


12 


12 


45 


482 


469 


391 


320 


167 


13 


1126 


1064 


881 


687 


337 


48 


49 


50 


51 


62 


53 


54 


55 


56 


57 


68 


59 


13 


13 


13 


13 


13 


13 


13 


14 


14 


14 


14 


14 


2829 


2666 


2492I2097 


1643 


892 


26 


6394 


6017 


5227 


4266 


2756 



m = 

J = 

m 

t = 

Notice the repetitions of i indicated by the series 

1\ 0\ 2\ 3*, 4\ 3\ 4», 6*, 6*, 7^ 8^ 9*, 10«, 11«, 12^ 13^ 145+^ 

It will be observed that there is a general tendency of the number of equal 
values of i to increase, but that this is subject to occasional fluctuations. When 
y 1= 6 , i = 4 ; but when j" = 6 , i = 3 , so that the minimum value of i recedes. 
After this point is reached, i either advances or remains stationary, but never 
recedes. 

In order actually to find the protomorphs, we may use the annihilator V. 
This was my original method of obtaining them ; a shorter way, analogous to 
that used by Halphen for differential invariants (principiants), has been previously 
mentioned, but it will be instructive to begin with the method of indeterminate 
coelBScients. In the first place we have the form a of weight 0, which is anni- 
hilated by 

7= 2a»aj + 6abdc+(6ax:+SV) da + {7ad+7bc)d, + 

For weight 1 there is no pure reciprocant. We could not make R = Xa*"^6, for 
then VR=, 2W'*"\ which cannot vanish unless Jl= and consequently -R = 0. 
To find the Protomorph of extent 2, assume R = ?jxc + ^J*; then 

VR = 4(ia^b + 6Xa% = {^ + 6^) a»6. 

Hence X and (i are proportional to 4 and — 5 , and we may write 

R=4ac—5V. 

For extent 3 , assuming R = ^^d + (lahc + vh\ we have 

VR = 2iia^c + 6m»6* + 5/£a*y + 6Xa'c + 3^a*6», 

which vanishes when 

2^ + 6^ = 0, 6v + 6ii + ZX = 0. 

We may therefore write X=^l, 11=. — 3,r=2, and thus obtain 

R = a^d—Zabc+2b\ 
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For extent 4 the table of minimum degrees indicates tlie existence of a proto- 
morph of degree 3. To find its value we lussume 

Operating with F, we find 

a^d a^bc al? 

VR =2X 4p 

10a fiv 

« 

• 6X 3X 

7x 7x 

In order that VR may vanish, we must have 

2X + 7x= 0, 4v + 10a + 6;i + 7x = 0, and 5r + 3;i = 0. 

To avoid fractions, let x = 50; then X := — 175, r = 105, and /ei = 28 ; thus, 

R = 50a*e? — 175aW + 28(ic* + 1056»c; 

whereas, the protomorph of extent 4 for Invariants is ae — 4bd + 3c*. There 
is no reciprocant of degree 2 weight 4 to correspond to this. 



LECTURE XVI. 

By using the generator for pure reciprocants instead of the annihilator F, 
we readily obtain the protomorph of extent 5 and of the fourth degree whose 
existence is indicated in the previously given table of minimum degrees. We 
have only to operate on the protomorph of degree 3 and extent 4 with 

G=4{ac — V)d, + b{ad—bc)d^+6{ae — bd)d^ + 7{a/—be)d, + 

Thus, G (60a»e — 175aW + 28ac* + 105ft*c) 

= 4 (ac — t*)(— 175ad + 2106c) 

+ 5 (od— 6c)(56ac + 1056») 

+ 6 {ae — bd){— n 5ab) 

+ 7{a/—he){50a^). 

Rejecting the numerical factor 35, which is common to all the terms in the 
result, and at the same time writing the terms themselves in reverse order, we 
have 

10a* (a/ —be) — SOab {ae — bd) + {ad — bc){Sac + 1 5i*) + 4 (ac — V){— bad + 66c) 

= lOay— 40a*6e— 12a^cd + 65ab^d + 16a6c*— 396»c, 

which is the protomorph in question. 
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The form just found is irreducible, as indeed it ought to be, since the mini- 
mum degree for extent 5 is greater than that for extent 4 by unity, which exactly 
corresponds with the unit increase of degree due to the operation of G. But if 
we use G to generate a protomorph of extent 4 from that of extent 3, the 
resulting form will be reducible. In fact, 

G {a^d — Zabc + 2b^) 

= 4 (ac— b^){— Sac + 66*) + 5 {ad — bc){— Sab) + 6(ae — bd)a^ 

= 3 {2a^e — 7a^bd — 4aV + liable -r 86^) . 

If now we write 

ac — -. fe*= M, 

a^d—Sabc+2b^ = A, 

a8e — -^a«5d—2aV+^a6«c— 46^ = 5, 

we have shown that 

GA = 6B . 
But 

505 + 1 28if * = 25 (2a'6 — 7a^bd — 4aV + 17ab^o — 8i*) + 8 {4ac — 5i*)» 

= a {50a^e — 17 dabd + 28ac* + 1056*c) ; 

so that B is reducible, being expressible as a rational integral function of a, M, 
and the previously obtained protomorph of degree 3 and extent 4. 

The general theory of the generator G is contained in that of the differen- 
tiation of absolute reciprocants, in which, i( fi=zSi + Wf where w is the weight 
and i the degree of any pure reciprocant -R, we have 

B , Bj 

ci' a{ 

and, consequently, 



A (—\ — -u ^ A f -^ 

dx \ajJ ~ dx' dy \ 4 

III 



where Bi and aj are what B and a become when x and y are interchanged. Hence 

dB fjL j^ da 
dx 3 dx 



ii + l 

a* ^ 
and therefore also the numerator of this fraction is a reciprocant. 
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Remembering that 



,- = 3c;, , = 4f, , = 0(/, . . . . , 
c/.r ax dx 



the numerator may be written 



a 



dli 

dx 



— fiI,R= GR. 



The ordinary expression for G is found by writing 

a j^ — ah = a {^hda + 4^0^ + fnldc + ) 

If the actual extent of R isy, that of GR is J + 1 ; for the operation of G 
introduces an additional letter. Both the wiM<;ht and degree are also increased 
by unity. Thus, the type of R being w; i, j\ that of GR is «? + 1 ; * + 1 , y + 1 . 
Suppose the weight of R to be e<iual to its actual extent; then 72 is a proto- 
morph of the type j] /, j\ and GR, whose type is y + 1 ; i + I, j + 1 ^ ia also a 
protouiorph. This proves the existence of protoniorphs for every possible 
extent. Starting with the form 4ac — 5^* we obtain, by successive eduction, a 
series of protomorphs of the typey;y,y for which the general expression is 

where J has any of the values 2,3,4,.... 

If jR is a protomorph of minimum degree, GR (if irreducible) will also be 
a protomorph of minimum degree. Hence the minimum degree can never 
increase by more than one unit when the extent is increased by unity. 

The second educt G^R is always reducible ; for 

-■{"'Z -(2.«+ 1)<'S,^---1."™ + C(/' + «)»'}b. 
Combining this with if= ac — ' />*, we have 

6(PR+4fzi(i + 4)i//2 = a{5r, jj - 5(2^+1)/.^^- + 4(i{ii- l)c| E, 

where the right-hand side is divisible by a , showing that the degree of G^R is 
always depressible by unity. R being a protomorph of degree i and extent J, 



[oa £, - 5 (2u + 1) ^ + 4u (a - l)c| R 
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is one of degree i + I and extent y+ 2. Hence we may conclude that an 
increase in the minimum degree for protomorphs cannot be immediately fol- 
lowed by another increase ; for, if this were possible, the minimum degree for 
extent y + 2 would be t + 2, instead of being t + 1 at most. 

This conclusion is in accordance with the sequence of the values of i in the 
table of minimum degrees, and as far as it goes confirms the exactitude of the 
formula (w]i,j) — {w — 1 ; i + 1 , /) for the number of pure reciprocants which 
was assumed in calculating the table. 

The method previously employed to prove that every invariant is a rational 
integral function of protomorphs, or such function divided by a power of a, 
may be very easily extended to the case of reciprocants. 

In the first place, it is obvious that every rational integral function of the 
letters a, 6, c, d, .... is by successive substitutions reducible to the form 

(i-*4)(a, 6, P„ Psi ^4. ^i). 

where Pj means the protomorph of extent/. 

Let any reciprocant R be put under this form ; then 

a'R = 4>(a, 6, P„ Ps, P4, P^), 

and, consequently. 

Now, V annihilates R^ a, P^, P^, . . . . Pj, since these are all pure reciprocants. 

Hence the above identity reduces to -jr- F6 = , from which (since Vb does not 

vanish) we conclude that <I> does not contain b explicitly. Thus, 

a*E = ^{a, P„ P„ Pt, Pj), 

and the theorem is established for reciprocants. 

The Protomorphs for Reciprocants as far as extent 8 are as follows : 
P, = 4ac — 56», 
Pj = a*d — 3abc + 26», 
P^ = 60a»e — nbabd + 28ac» + 105J»c, 
Pb = lOay -r- 40a*be — 1 2a*od + 65ab*d + 16aic» — 396»c, 
P« = 14a*g — 63ab/— 1350ace + 17826»e + 1470a<? — 41586cd + 2310c', 
P^= 7a%— 36a% — 539aV+ 73606*/+ 605a»<fe + 306ai<»— 14866»e 

— 2136aJ<?+ 1001ac»d + 34666»od— 19256c», 
Pj = 420aH— 2310a*bh — 2664Sd*cg + 9240a*d/+ 21780aV + 366800^^ 

+ 86386a6c/— 191730ai<fe— 59220ac»e + 120640aa? 
— 1269456'/+ 252126*6»oe+ 1692606»<? — 4190346c*<? 
+ 129360c*. 
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The work neceasary for obtaining the firot four of these, P,, P,, P4, P^, has been 
fully set out Since P^ is of degree 3, its se<»ond eduet, G^P^, is of degree 6 and 
its reduced second educt of degree 4. A linear combination of this with a 
form whose leading term is a^ce liecomes divisible by a and gives P^ ; but as 
this requires the preliminary calculation of the form (a^o?), it is simpler to find 
P^ directly by the metliod of indeterminate coefficients, and thence bj eduction 
to get P, and P^. Thus (to a numerical factor prfts) P^ is the educt and P^ the 
reduced second educt of P^, Beyond this point the calculation of protomorphs 
has not at present been carried. 

Referring to the table which gives the minimum degree and multiplicity 
for a Protomorph of any extent, we see that the multiplicity exceeda unity 
when the extenty=>'8, and is exactly equal to 2 wheny= 8, 11, or 21. 

Hence the protomorphs as far as /\ inclusive are unique; but there are two 
forms of extent 8 and degree 4 any linear combination of which (provided it 
contains the term aH) may be regarded as a protomorph. One of these forms 
is Pg, whose value is given above; the other is a linear combination of /% with 
a form, whose leading term is a^cg, hereafter to be set forth. 

The irreducible forms for extent 2 are a and P,; every other form must be 
simply a power of P, multiplied by a power of a. We proceed to the calcula- 
tion of all the Irreducible Forms for the extents 3 and 4 respectively. When 
y= 3, we may combine the protomorphs 

Aat — bl? 
and cM — Sitbc + 2A* 

with one another. 

Adding 125 times the square of the latter to 4 times the cube of the 
former and dividing by a, there results the form 

12&a?cP — IdOa^bcd + dOObhl + 256aV + 165r/ftV — 3006V. 
This form is analogous to the discriminant of the cubic, but is of a higher degree 
by one unit. Its type is 6; 5, 3, whereas that of the discriminant is 6; 4, 3. 

In the case of invariants, we have to combine ac — 6* with a^d — Sabc + 26'. 
The square of the second, added to 4 times the cube of the first, gives 
a^€? — Qa^bcd + Aa%H + 9a*6V — 1 2a6V + 4i« + 4a V — 1 2a*6V + 1 2a}Ac — Ah\ 
Here the term \2ah^c is nullified by — I2ub^c, so that the result contains a*, the 
other factor being the discriminant 

aVP — Qahd + AbH + Aac^ — 3tV, 

which is of the type 6 ; 4 , 3 . 
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We may show h priori, assuming the problematical but highly probable 
formula {w) i^j) — {w — 1; i+l.j), that the type 6; 4, 3 does not belong 
to any reciprocant. 

For, as seen in the partition ments set out below, 

(6; 4, 3) — (5; 5, 3)= 5—5 = y 
3.8 3.2 

3.2.1 3-1.1 
3.1,1.1 . 2.2.1 

2.2.2 2.1.1.1 
2.2.1.1 1.1.1.1.1 

We can b}^ tio other means combine the protomorphs With one another or 
with the Quasi-DiscriminiBttit (125a'€P . . . .) so as to obtain additional fundamental 
forms. Every Rational Integral Pure Reciprocant of extent 3 is therefore 
neceiSMrily a rational integral function of the four forms 

deg. wt. 
1.0 a, 

2.2 AM t=4€ic — 66*, 

8.3 A =a*d— 3aic+ 26^ 

5 . 6 (a»<?) == 1 2bd?d^ — 750a«Jcd + bOOhH + 256aV + 166a5V — 3006*c . 

These are connected by a syzygy of degree-weight 6.6, viz. : 

125A» + 256if« = a (a^e?), 
analogous to the syzygy of the same degree-weight, in the Theory of the Binary 
Cubic, which connects the Discriminant with a and the Protomorphs of extent 
2 and 3. 

It will be clearly seen from an inspection of the fundamental forms that 
there is no law for the coefficients of Reciprocants akin to that of their alge- 
braical sum being zero in Invariants. 

(To he continued*) 



A New Method in Analytic Geometry. 



By William E. Story. 



About a year ago, in connection with a course of lectures on plane cubic 
curves, I had occasion to prove that the four tangents to a non-singular plane 
cubic from any point of the same have a constant anharmonic ratio, and an 
instantaneous proof then occurred to me which is certainly, having a purely 
algebraic basis, not open to the objection which Sturm* has raised (without any 
real foundation, as it seems to me) to that given by Salmon. Shortly afterwards 
I applied the same method to the proof of other geometrical theorems, and gave 
it a general form in my own mind, at least, but have only recently found leisure 
to put it into shape for publication. It may not be uninteresting as an applica- 
tion to geometry of the fundamental theorem of algebra briefly stated : every 
equation has a root. 

Let /(a, »)= be an equation concerning whose left member /(a, x) we 
make the following assumptions : 

a). It certainly involves a variable a, being a rational algebraic poljmomial 
in a. 

b). It possibly involves a second variable x , and if so, is a rational algebraic 
polynomial in x . 

c). It has no factor involving x but not a . 

Under these assumptions /(a, x) may break up into factors, some of which 
involve a alone, and some both a and sc, but this is of no consequence. 

There are then two ca^es : 

I. If the equation involve both a and x, for every assumed value of x it 
defines a certain finite number (its degree in a) of values of a, which may be 

• CreUe^s Journal, Vol. 90, p. — . 
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considered so many functions of x, some of which will necessarily vary with the 
assumed value of x, and for every assumed value of a it determines a certain 
finite number (its degree in x) of values of x. 

II. If the equation involve a but not x, it defines a certain finite number 
(its degree in a) of values of a , which are the same, whatever value x may be 
assumed to have, i. e. which are constant. 

Here we make no distinction between real and imaginary values. If, then, 
it is known that the equation will not be satisfied by any real or imaginary 
value of X when a certain value is assigned to a, it must come under the second 
case, and the values of a determined by it are constant. 

The following extension of this theorem is evident. If a quantity a is con- 
nected with Tc other quantities x^y^Zy by an equation /(a, x,y,Zj ) = 0, 

say/=0, whose left member is a rational algebraic polynomial in these quan- 
tities (certainly involving a and possibly cc, y, 2, . . . .), and if a;, y, 2, ... . are 
connected among themselves by Aj — 1 auxiliary equations ^ = 0,4' = 0,....; 
then, if the equations /= 0, ^=:0,'4/=0,.... cannot be satisfied by any set 
of real or imaginary values of x, y, z, . . . . when a certain value is assigned to 
a, the values of a determined by/= will be constant, whatever values may 
be assigned to a;, y, 2, . • . . satisfying the auxiliary equations. For, by means 
of the auxiliary equations, h — 1 of the quantities x, y, z, . . . . may be elimi- 
nated from the equation /=0, which is thus reduced to an equation between 
a and one of the other quantities, say x, to which the previous theorem is 
applicable. 

This extended theorem can be applied to the proof of numerous geomet- 
rical theorems. Let x, y, z, . . . . be the co-ordinates of a variable element 
(point, straight line or plane) of a one-way algebraic locus, i. e. point of a plane 
or twisted curve, tangent of a plane or twisted curve, generator of a ruled 
surface, edge of a cone, tangent plane of a cone or developable surface ; let 
^ = 0,'4'=0,,...be the equations of the locus, together with whatever iden- 
tities exist between the co-ordinates (e. g. such an identity exists between the 
six co-ordinates of a straight line) ; and let there be a geometrical magnitude a 
determined by any position of the variable element and, it may be, certain fixed 
elements or geometrical forms (curves and surfaces), such that a is capable of 
determination by an algebraic equation which, when rationalized and cleared of 
fractions, is /(a, a:,y,2,....)=0, say of the degree vu\ a. This rationalized 
equation defines v geometrical magnitudes determined by each element of the 
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locus, or say a stands in any one of v geometrical relations to a given element 
X, y, 2, . . . . If, then, it is found that a certain value stands in neither of these 
relations to any real or imaginary element of the locus, the above theorems 
show that the several geometrical magnitudes determined by an element of the 
locus are constant; i. e. that, taken in some order or other, they have the same 
values for all elements of the locus. This will be more evident from the 
examples which I give below. To prove a given theorem involving the constancy 
of a magnitude a, all that has to be done is to find a value of a which can be 
shown to be impossible for any real or imaginary element of the locus, and the 
readiest manner of doing this seems to be to assume some simple value, such as 
or 00, and prove its impossibility. In a large number of cases the very nature 
of the locus will make this certain, and in these cases this method is instanta- 
neous, furnishing, it seems to me, the simplest conceivable proof. In other 
cases the assumed value of a, say or oo, will be possible only when the expres- 
sion of a assumes an indeterminate form, and then it will be necessary to show 
that the true value is not the assumed value. The first three applications given 
below belong to the first class, the others to the second class of cases. In both 
these classes of cases a can be expressed (not necessarily rationally) in terms of 
the co-ordinates of the element of the locus. It would be interesting to find a 
case in which a could not be so expressed, but to which the method is still 
applicable. 

The auxiliary equations may evidently constitute a restricted system, as in 
the case of the twisted cubic curve, without affecting the applicability of the 
method. 

From the readiness with which one application suggests another, it seems 
probable that the method may be useful in the discovery of new theorems. 

It may be useful here to give an example to which the method is not appli- 
cable, for the purpose of showing the cause of failure. That the sum of the 
focal distances of a point of an ellipse is constant cannot be so proved, for the 
rationalized equation which determines the sum of these distances determines 
also their difference, and if the sum is constant, the difference will vary, and vice 
versa, and it will not be possible to show that neither sum nor difference can have 
a certain value, say 0; in fact, the ordinary method of proof of the theorem 
stated holds only for real points of the ellipse, while the curve defined as the 
locus of points the sum of whose distances from two given points is a given 
constant will be an ellipse only if that constant is greater than the distance 
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between the given points. In a certain sense we may say that, for a part of the 
curve, including the real part, the sum, and for the rest the difference, of the 
focal distances is constant. 

One of the simplest cases is that in which a is the anharmonic ratio of four 
points, lines or planes determined by the variable element of the locus. There 
are six values of this anharmonic ratio, depending upon the order in which the 
four points, lines or planes are taken, so that the order of the rationalized equa- 
tion /= is 6; and to prove the constancy of these values for all elements of 
the locus by our method, it would be necessary to show that there is a value 
which neither of these anharmonic ratios can have for any real or imaginary 
element of the locus. 

As a matter of form I call attention here, once for all, to the evident fact, 
already mentioned incidentally, that in all the following applications the quan- 
tity a, whose constancy is to be proved, is connected with the co-ordinates of the 
variable element of the given locus by a rational algebraic equation, as is neces- 
sary for the proof. 

1. The anharmonic ratio a of the junctions of a variable point of a conic to 
four fixed points of the same, taken in a given order, is constant. For it can 
have the value only if two of the junctions coincide, i. e. only if the variable 
point lies on the junction of two of the fixed points ; but, the curve being of the 
second order, the two fixed points are the only points of the conic on their junc- 
tion ; therefore a = only if the variable point coincides with one of the fixed 
points ; but then one of the four junctions in question is the tangent at this fixed 
point and the other three junctions are lines differing from each other and from 
this tangent; so that, even in this case, a is not 0, and therefore is constant for 
every position of the variable point. 

2. The four tangents to a non-singular plane cubic curve from any point of 
the same (other than the two coincident tangents at the point) have a constant 
anharmonic ratio a (i. e. there are six constant values of a, according to the 
order in which the tangents are taken). For a = only when two of these 
tangents coincide, which they never do ; for the curve, being of the third order, 
has no double tangent, and an inflexional tangent meets the curve only at its 
point of contact and counts for only one of the four tangents from this point. 

3. The four planes joining a variable tangent of a twisted cubic to four fixed 
points of the same, taken in a given order, have a constant anharmonic ratio a. 



\ 
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For a = only if two of these planes coincide, i. e. only if the tangent lies in the 
same plane with two of the fixed points ; this plane will then meet the curve in 
the two fixed points and in two points at the contact of the tangent, i. e. in four 
points in all, which is impossible, the curve being of the third order ; or the 
point of contact of the tangent will be one of the fixed points, in which case 
one of the planes is the osculating plane at this point and does not coincide with 
either of the other three planes. 

The reciprocals of these three theorems are known to be true by the prin- 
ciple of duality. These reciprocals are : 

The anharmonic ratio a of the intersections of a variable tangent of a conic 
with four fixed tangents of the same, taken in a given order, is constant. 

The four intersections of a non-singular plane curve of the third class 
(which is of the sixth order) with any tangent of the same (other than two 
coincident intersections at the point of contact of the tangent) have a constant 
anharmonic ratio a (t. e. there are six constant values of a, according to the 
order in which the points are taken). 

The four points of intersection of a variable generator of a developable 
surface of the third class with four fixed tangent planes of the same, taken in a 
given order, have a constant anharmonic ratio a. 

4. The angle between the junctions of a variable point of a circle with two 
fixed points of the same, taken in a given order, is constant. Let P{x, y) be 
the variable point, Pi(a:i, yO and Pj(x,, y,) the fixed points, ^ the angle which 
PP, makes with PPi, r the radius of the circle, and the centre of the circle in 
the origin of co-ordinates ; then x* + y* = ^» 

^^^^ ^ _ (yi— y2)g + C^— a?i)y+giy»— a^yi 

^ + f—{^ + ^)^—{yi + Vt) y + ^^ + ViVi ' 

which can be only when P lies on the junction of PiPj, or when P is infinite 
(i. e. one of the circular points). If P lies on PiP% it must coincide with Pj or 
P,, since these are the only points of the circle on this line ; but if it coincides 
with Pi the junctions in question are the tangent at Pj and the line PiP,, and the 
tangent of the angle between these lines is not 0. If P is a circular point, 
y = ifc la;, x= <», 

tan 3 = yi=yq^j^^\ , 

provided Pj and P, are finite, and this value of tan ^ is evidently not 0. If P 
or P, is a circular point, evidently tan ^ = i. 
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5. The segment cut out of a variable tangent to a conic by two fixed tangents 
of the same subtends a constant angle at either focus. This is, as is well known, 
readily proved by the reciprocal of number 1 above, but it may be proved inde- 
pendently as follows : Let P be the focus, P^ and Pj the intersections of the 
variable tangent with the two fixed tangents, and 3 the subtended angle ; then, 
from the general expression given in the last number, it is evident that tan 3 
will be 0, since P is finite, only if P, P^and Pj lie in one straight line, i, e. only 
if the variable tangent passes through the intersection of the fixed tangents, and 
therefore coincides with one of them, in which case the angle 3 is the angle 
between the lines joining P to the intersection of the fixed tangents and to the 
point of contact of one of them, whose tangent is evidently not 0. If one of 
the fixed tangents passes through the focus, tan 3 is evidently constantly = i. 

6. The ratio of the distances of a variable point of a conic from either focus 
and the corresponding directrix is constant. We define the focus as the inter- 
section of two circular tangents, i. e, tangents each of which passes through a 
circular point, and the corresponding directrix as its polar, i. e. the chord of 
contact of tangents from it. Evidently this ratio will be only when the 
distance from the focus is or that from the directrix is infinite, i. e. only when 
the variable point is the point of contact of one of the tangents from the focus, 
or when the variable point is infinite. If the variable point is infinite, the ratio 
in question is evidently the cosecant of the angle between the directrix and the 
direction of the infinite point, t. e. is not in general 0. If the variable point is the 
point of contact of one of the tangents from the focus, then its focal distance is 0, 
as is also its distance from the directrix on which it lies, and the ratio in question 
is undetermined. For a point very near the point of contact, both distances are 
small of the same order and their ratio is determinate. Let the origin be the 
focus and axis of x perpendicular to the directrix, whose equation is then of the 
form x + J = ; the point ( — d , id) is then the point of contact of one of the 

tangents from the focus, and the ratio in question is "~^^-j- fo*' this point. For 
a neighboring point x = — d + h, y =: id+ (^~J ^ + o" C^J) ^'' where T^- J 
and (t^j are to be taken for the point of contact. Evidently (^j'= — i, and 
r^jhas a value different from 0, if the point of contact is finite. For this 
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1 /d^y\ 
neighboring point then y = i {d — 5) + „ ( 3« ) ^*» 

and in the limit, as 6 vanishes, 

i. e. is not 0. If the conic is a circle, d= oo, and for every finite point a + cZ is 
infinite and V^^+P ^s finite, so that the ratio in question is constantly 0. 

Of course this is not the shortest proof of the last theorem. Indeed, the 
definitions of focus and directrix show that the equation of the conic, with the 
same choice of co-ordinates as before, will be of the form 

a? + y^ — ^{x + d)*=0, 
where e is a constant, and we have directly, for any point (x , y) of the curve. 

For a circle d=<», 6 = 0, cfe=r, where r is the radius. 

Baltimobe, September, 1886. 
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Klein^s Ikosaeder* 

By F. N. Cole, Ph.D. 



Profi Klein's work on the Theory of the Ikosaedron is thoroughly repre- 
sentative of the characteristic tendencies of the German mathematical school of 
which Clebsch was the founder, and in which, since 1870, Klein has held a fore- 
most place. The wonderful ability and success of Clebsch in giving to an 
algebraic problem a geometrical form, in replacing complicated relations of pure 
quantity by properties of arrangement of a geometrical configuration, constitute 
the chief charm of his works for the majority of his readers. The elegance of 
this geometrical-algebraical method appeals to and gratifies the artistic sense, 
while at the same time it gives the subject a broader sweep and a deeper reality. 
The practical demonstration of the possibility, already theoretically evident, of 
interweaving and unifying two fundamentally distinct branches of mathematics 
was particularly appropriate and welcome at a time when the rapid development 
of the modem theories had led to an extreme specialization of work and study. 
The evident necessity of a thorough and complete investigation of the relations 
and applications of the various mathematical theories to each other immediately 
opened up a new field of mathematical research, which has been abundantly 
productive, and bids fair not to be exhausted for many years to come. 

Clebsch's workf in this direction concerned particularly the mutual relations 
between the theories of the Abelian integrals and of invariants and covariants 
and those of the corresponding geometrical configurations. Other investigators 
have examined the deeper algebraical-geometrical nature of the algebraic func- 
tions.;}; The geometrical side of the theory of invariants is perhaps more 

* Vorlesungen tiber das Ikosaeder und die Auflosung der Gleichungen vom f Qnften Grade, you 
Felix Klein. Leipzig, Teubner, 1884. 

t An account of Clebeoh^s mathematical services, by his friends and pupils, appeared in the Math. 
Ann. Bd. VH. 

t There belong here, first of all, the well-known theories of the representation of the algebraic 
functions by Riemann^s surfaces, part of which, to be sure, are contemporary with Clebsch ^s work ; I 
refer^ however, more especially to the investigations of wliich the article by Brill and N5thor, Math. 
Ann. Bd. VII, is a type. 
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conspicuous than the analytical, but it is very desirable that a purely geometrical 
theory of invariants, particularly of the binary forms, should be established in 
the way which Klein has indicated.* Of chief interest, however, for the present 
discussion, are the remarkable systems of relations which exist between the 
theory of grouj^s of ojperaiiom, of which the theory of substitutions constitutes a 
part, and nearly all other mathematical branches. It seems, indeed, as if the 
"Gruppentheorie" supplied, to a large extent, the essential formal structure to 
the various other theories, which then differ from each other only in the phase 
in which they are viewed. A characteristic feature of the modern mathematics 
is the predominant importance of theories, like that of groups of operations, 
which deal with discontinuous quantities. The theories which deal mainly with 
continuity have retreated decidedly into the background. It is a remarkable 
and suggestive fact that, scarcely two hundred years after the discovery of the 
Calculus, the higher mathematics has already exhibited a strong tendency to 
converge toward the oldest of all mathematical sciences, that of harmonious 
discontinuity — the theory of numbers. 

The fundamental idea of Klein's entire mathematical work has been 
the investigation of a portion of this theory of operations which has a par- 
ticular geometrical interest, while at the same time it is compactly united, 
through its analytical nature, with the entire Modem Algebra, using this name 
in itB broadest sense. In the preface to the Ikosaedron, and in his " Vergleichende 
Betrachtungen uber neuere geometrische Forschungen," will be found a statement 
by Klein himself of the programme which he had already developed as early as 
1870, and which he has since accurately followed. It is the investigation of the 
groups of transformations of space into itself, and of those properties of space 
which remain unaltered — invariant — by these transformations, which has been 
the directing principle of his methods. Among these various transformations, 
those which are linear in the system of variables employed — the coUineations— 
play a most important part. Analytically these are represented by 

For space of 1 dimension xi = ouci + /?»,, 

For space of 2 dimensions Oj = aiari+ ^ix^ + yix^ , 

xi i= a^i + ^^ + y ,^8 1 

* EUntrittB-Programm at Erlangen : Vergleichende Betrachtangen uber neaere geometrische Forsch- 
uogen, 1S73, Note VII at the end of the book. See also Lindemanii's article in Math. Ann. Bd. VII : 
" Ueber die Darstellung binarer Formcn,*^ etc. 
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For space of 3 dimensions Xi = aiXi+ ^lOc^ + yix^ + h^x^^ 






Evidently we are not limited to any number of dimensions, but may con- 
struct in general n linear equations between any two sets of n variables each. 
The connection of the theory of groups of transformations with that of the 
invariants of Cayley is now evident. The latter are unchanged by the infinite 
and continuous groups of linear substitutions just mentioned, namely, by all the 
coUineations of the corresponding space. From this point of view, the theory 
of the Qayley invariants* appears as a grand division of this greater theory, 
which then includes in itself the entire geometry, not only the projective, but 
also (and this is, as Klein has indicated, an interesting developmentf) the 
metrical. 

On the other hand, Klein has studied the discontinucms linear groups, both 
those which contain a finite, and those which contain an infinite number of 
operations. For those who are not acquainted with this theory, I may cite, as 
examples of these two species of groups, the rotations of any regular polyedron 
which bring it to a position congruent with its initial one, and the binary group 
of linear substitutions g)' = aoi + ^o^ which gives all the periods of an elliptic 
function when two independent ones, Oi and Oji are known. The latter contains 
an infinite number of operations, which, however, are discrete (a and ^ being 
integers). Included in this latter group is also the infinite group oi = ouoi + ^Oj , 
i^ =z yo)^ + ^«i when a^ — /5y = Ij In this review of the specific portion of 
Klein's work contained in his " Ikosaeder," it would evidently be out of place to 
give any detailed account of his work as a whole, but 1 have thought it desirable 
to give the preceding fragmentary sketch, in order that the "Ikosaeder" might 
appear in its proper position with respect to other portions of the more general 
theory. Having now developed so much of the latter as is necessary for my 
purpose, I proceed at once to the consideration of the ikosaedron itself. 

The theory of the algebraic equations, from its central position in the 



* Cayley invariants. I have applied this name to the ordinary invariants in order to distinguish 
them from functions unchanged by other groups of transformations, to which the name invariant is 
equally applicable.. 

t See the Vergleichende Betrachtungen above, p. 12. 

X See Briot and Bouquet's Theorie des Fonctions Elliptiques, p. 2«S4. 
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modern mathematics, is peculiarly well adapted to serve as a base from which 
connection may be made with the various allied disciplines. The relation 
between it and the theory of substitutions is a perfect dualism, the propositions 
of the one being exact reproductions of those of the other ; with the theory of 
invariants it stands by its very nature in the closest relation ; and if we regard 
the coeflBcients in the equation as functions of one or more variables, the equa- 
tion represents at once a geometrical configuration in spac^ of one or more 
dimensions, while the discussion of the nature of the relation between the roots 
of the equation and its variable coefficients is the precise field of the theory of 
functions. It was therefore an excellent reason which led Klein, in writing a 
work in which the various branches of modem mathematics should be brought 
into a closer intimacy and mutual dependence, to select the theory of equations as 
a central feature. Not that this theory by any means assumes the greatest prom- 
inence in this work, but that in passing from one portion to another it always 
serves as a convenient stepping-stone, or a sort of central station. That exactly 
the equation of the fifth degree is chosen is not merely because we come upon 
it naturally after the solution of that of the fourth, but much more, from Klein's 
point of view, because the theories of the equations of the first five degrees 
constitute a closed system by themselves, the nature of which is most intimately 
connected, or rather identified, with the theory of the finite groups of linear 
transformations of a single variable. These groups present themselves, implic- 
itly or explicitly, in every phase in which the theory of these equations can be 
studied, and are of such fundamental importance that Klein has preferred to 
devote the first portion of the work before us to a thorough exposition of their 
theory from all points of view, while the treatment of the general equations of 
the first five degrees appears in the second part as an extended application and 
development of this theory. 

Among the various forms in which this theory of the finite linear groups of 
a single variable appears, the most tangible is undoubtedly that of the theory of 
those rotations of the ikosaedron and the kindred regular polyedra which bring 
these configurations to a final position which is congruent to the initial one. To 
this theory Klein has assigned the greatest prominence in the work before us, 
and he has made it the point of departure for the entire treatment of the subject. 
The first chapter of the book is occupied with a discussion of the groups of rota- 
tions of these regular bodies, while in the second chapter the immediate relation 
to the linear transformations of a single variable is exhibited by the introduction 
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of the stereographic projection of Riemann. Thus : the ikosaedron is supposed 
to be inscribed in a sphere. By projection of the ikosaedron edges from the 
centre of the sphere upon the spherical surface, we obtain on the latter a geometri- 
cal conBguration which, for our purposes, completely replaces the ikosaedron 
itself. It is in the sense of this configuration, and not of the regular geometrical 
solid, that the name ** Ikosaeder," as used by Klein, is to be understood. Obviously 
this results in no inconsistency with what here precedes, for all rotations which 
leave the ikosaedron congruent with its original position will do the same for the 
surface configuration. If now the sphere be placed on a horizontal plane, so 
that the point of tangency, which we may call the south pole of the sphere, is a 
vertex of the ** Ikosaeder,'' and if then the entire configuration on the sphere 
be projected from the uppermost vertex, or north pole, on the plane, the result- 
ing plane configuration furnishes valuable assistance in the further development 
of the theory. 

To fix the position of a point on the sphere, we introduce a rectangular co- 
ordinate system with its origin at the centre of the sphere, and denote the 
co-ordinates of any point referred to this system by ^, >?, ^. In the plane* we 
take another co-ordinate system, referred to two rectangular axes parallel respect- 
ively to the axes of ^ and r^ . The co-ordinates of any point in the plane being 
X and y, we denote the point by 2 = x+i?/i, this being the ordinary notation of 
the geometrical representation of complex numbers. Between the co-ordinates 
of any point on the sphere and those of its projection in the plane there exist 

the relations x = :j , y = ^ , a + ty = '" J . If now the sphere 

undergo any rotation, including as a particular case those rotations which leave 
the ikosaedron congruent to its initial position, any point ^ , >? , ^ will take a new 
position ^', >?', f' and at the same time its projected point z in the plane will 
become a new point 2/. Now, we may suppose the whole of space to be rotated 
with the sphere, and such a rotation of space is a collineation, i. e. a transforma- 
tion in which all points on a straight line become points on a straight line. 
Such transformations are denoted analytically by the system of linear equations 
of page 46. The effect of any rotation of the sphere is therefore to convert the 
point ^, >7, f into the point 

K, _ <h^ + M + <HC , _ <h^ + ^a? + Cz C -, _ q«? + fcs? + OgC 

*The reader will notice that Klein supposes this second co-ordinate system to be projected on the 
•phere, fhus dispensing with the plane. The '' Ikosaeder '* contains at the end a flgureof the projection of 
the ikoMedron as the plane. 

TOL. IX. 
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And now it appears that the corresponding transformation in the plane converts 
the point z into a new point z' which is related to the first point by the linear 

equation z' = — ^^, where a, /CJ, y , 5 are constant quantities independent of z. 

This is a particular case of a more general proposition, the proof of which is not 
difficult. Thus there are in all oo^' distinct coUineations of space, namely, those 
which are defined by four equations of the form X| = a|Xi + ^ix^ + Yi^t + ^i^a- 
These contain 16 — 1 essential constants. Of these, those which leave a given 
quadric surface (in the present case a sphere) unchanged, being limited by 9 
conditions, the preservation of the nine coefficients in the equation of the surface, 
form «•. The projection of these »• transformations of the spherical surface 
into itself gives c»* transformations in the complex plane which are defined by 

t! = — ^f^ , or by this equation together with the replacing of z by its conjugate 
jz + o 

value, which amounts to a reflection of the plane on its real axis. 

Among these od* transformations of the spherical surface, we are more 
particularly concerned with those 120 rotations and reflections on the diametral 
planes which transform the ikosaedron into itself. The efiect of such a rotation 
or reflection is to permute in a certain order all corresponding points of the 
ikosaedron, their projections in the plane of course undergoing the same permu- 
tations. Analytically this geometrical permutation of points is represented (in 
case of the rotations) by the replacement of the co-ordinate z of every point in 

the plane by a linear function of itself — ^^. We have thus, parallel with our 

60 interchanges of points, a group of 60 linear functions, these being of such a 
nature that if we select any one of them, and put for z successively the co-ordi- 
nates of any set of corresponding points, we get the same co-ordinates again, but 
in the permuted order. The completion of the theory requires the determina- 
tion of these analytical expressions, which, however, need not be calculated 
separately, but are all obtainable by repetition and combination of two, the S 
and T of Klein, S denoting a rotation about the vertical axis through an angle 

-r- , and T a rotation of 180^ about the axis which bisects one of those ikosae- 

dron edges which meet in the north pole of the sphere. For these we have* 

iS: z' = 62 and 7\V = tt — ^. — rVi i (b=^ e --) . These 60 rotations com- 

(€■— r)z + («* — €)\ 5 / 

bined with gj' = a' + y '» = z = x — t/i give the 60 reflections in addition. 

*8ee Klein, p. 41. 
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The 60 ikosaedron rotations convert any point on the spherical surface into 
60 similarly situated points, which then constitute a configuration which is unal- 
tered, invariant, for this group of rotations. There are, however, certain of 
these invariant configurations which contain a less number of points. Thus the 
12 vertices of the ikosaedron, the 20 centre-points of its faces and the 30 middle 
points of its sides are each configurations of the invariant character. To each 
invariant configuration belongs an invariant analytic function, namely, the 
analytical expression of the configuration, which is obtiainable by multiplying 
together the values of the complex variable corresponding to the projections of 
the separate points of the configuration. Now, it appears that in the present 
case every such invariant function can be composed rationally from those three 
which represent the three special cases mentioned above of the ikosaedron ver- 
tices, etc., the y, H, /, of the book,* and from this it follows easily that for 
different values oi Z, Z \ Z— \ :l = H^ : — T^ : 1728/'^ defines any one of the 
groups of 60 points which are related to each other in the way we have consid- 
ered. This equation, which is of degree 60 in — , contains in itself implicitly 

the general equation of the fifth degree, for it is a resolvent of the latter. If 
for a given value of Z we can determine the corresponding group of 60 correlated 
points on the sphere, we can at once solve the equation of the fifth degree, and 
vice versa. 

In the " extended group " of 120 transformations, composed of the 60 rota- 
tions above and the 60 possible reflections on planes of symmetry, the former 
constitute a sub-group by themselves, while the latter do not, since two reflec- 
tions give a rotation, not a reflection. Moreover, if we take successively a 
reflection, a rotation, and the same reflection reversed, we get a rotation. Tlie 
group of tlie rotations is self-conj agate f within the extended group. 

In these first two chapters of the book will be found a very complete and 
elegant account of the theories, not only of the ikosaedron, which is identified 
with the theory of the equation of the fifth degree, but also of the oktaedron, 
the tetraedron and the ** diedron," whose theories are of similar importance for 
the equations of the fourth and third degrees and the cyclical equations respect- 
ively. The geometrical interpretation which this theory gives to a portion of 

* See pages 55-61. 

tl use *^ Belf-con jugate sub-group'^ in translating Klein ^r ^^ auRgezeichnete Untergruppe '' and 
Jordan *B '^groupe permutable." 
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the theory of substitutions is well worthy of being studied, especially the 
geometric conception of the position of a self-conjugate sub-group within the 
entire group, and the resulting geometrical demonstration that the oktaedron 
group contains such a sub-group, while the ikosaedron group does not. 

Before leaving this part of the book, one more matter deserves to be noted. 
If we make our 60 linear substitutions in the plane, corresponding to the 60 

rotations of the sphere, homogeneous by introducing for z, — , writing Ji~^^^j'?^j 

it appears that the ** identical rotation" 2;i= — Zj, 2^= — £;,, will appear among the 
homogeneous substitutions, so that there will be in all 120=2.60 of these. 
The relation between the homogeneous and the non-homogeneous group is there- 
fore a hemiedric isomorphism. This is not to be avoided. There is no group 
of binary linear substitutions which is holoedrically isomorphic with the non- 
homogeneous group considered. This is a fact of considerable importance for 
the theory of the equation of the fifth degree, as is seen later on. On this 
depends the appearance of an ** accessory" square root in the solution. 

This theory of the correspondence between groups of linear transformations 
of a single variable and groups of rotations of the regular polyedra receives a 
remarkable completion in the fifth chapter of the book. We have seen that to 
every group of rotations corresponds a configuration of points, to which configu- 
ration an invariant then belongs. If any point of the configuration be given, 
all others proceed from it by the rotations, or, if we consider the projection on 
the complex plane, by linear transformations, so that the entire configuration, and 
consequently its invariant, are at once known. The inverse of this problem 
would be, given the invariant Z, to find the various points z of the configura- 
tion. Only one solution of this inverse problem is necessary; t. e. geometrically 
we need find only one point of the configuration, since all othere are then obtain- 
able by known linear transformations from this one. Leaving the actual solu- 
tion of this problem out of consideration for the time being, we may attempt 
to determine h priori all possible problems whose difierent solutions possess this 
remarkable relation to each other. And now it appears that the choice of the 
groups of rotations of the regular polyedra as the object of the present investi- 
gation was no arbitrary one, but that these rotations and the corresponding 
groups of linear transformations of a single variable constitute, a closed system 
by themselves, that, namely, every problem whose difierent solutions all proceed 
from any one of them by linear transformations is identical with one of the 



\ ^ 
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problems of this system. In other words, every algebraic equation whose roots 
are all linear functions of any one of them is either an ikosaedron, an oktae- 
dron, a tetraedron or a cyclical equation, or can be reduced to one of these by 

n7 -4- h 

replacing the invariant Z by a linear function of itself, Z^ = y'T^ 7 ^.nd z by 

2/ = — ^-^ . Or, again, every finite group of linear transformations of a single 

variable is holoedrically isomorphic, i. e. formally identical, with some one of the 
groups of rotations of the regular polyedra. This is the centre-point of this 
entire theory. The problem vnth the various phases of which (lie present worh 
deals is in no way an arbitrary one^ but constitutes^ in all its developments, a com- 
plete whole, perfectly defined in every direction by conditions and limitations inherent 
in its own nature. At the same time, these conditions and limitations serve 
exactly to characterize the position of the present theory with respect to other 
related or more comprehensive theories. Thus, the finite ternary, quaternary, 
etc., linear groups admit of an analogous geometrical treatment ; or, instead of 
increasing the number of variables, we may consider binary groups containing 
an infinite number of operations. On the other hand, I have already stated 
that the theory of the general algebraic equations of the first five degrees is 
identical with that of the rotations of the various regular polyedra and of the finite 
binary linear groups. Similarly, we might seek for corresponding relations 
between the theory of the higher equations and that of the ternary, quaternary, 
etc., groups. In this theory, which was proposed by Klein,* considerable 
progress has already been made. Thus, for the general equation of the sixth 
degree, the quaternary group of the transformations of the Borchardt moduli 
^1 >7> ?> S", and, for certain equations of the seventh and eleventh degrees, the 
ternary and quinary linear groups belonging to certain functions proposed by 
Klein,t play the same part as the groups of a single variable in the present case. 
The theory of the infinite groups leads to interesting developments, which will 
be considered later. 

The problem with which the book before us has to deal is now completely 
defined on all sides. On the one hand, it is the examination of all groups of 
linear transformations of a single variable, which then, as we have just seen, is 

*See in particular the article, ^^Ueber die Auflosung gewisser Gleichungeu vom siebenten und 
achten Grade, '^ Math. Ann. XV. 

^Ibidem. See further the article in the same volume, '^Ueber die Transformation elfter Ord- 
nung,*' etc. 
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essentially identical with the determination of all groups of rotations of regular 
polyedra. This part of the theory, therefore, enjoys the joint benefit of the 
analytical and geometrical methods from the start. Having, through this exami- 
nation obtained a complete understanding of the problem itself, we have, on the 
other hand, to determine in detail all other problems which are equivalent in 
their nature to the one considered. -The development of the former of these 
two divisions of the subject leads at once to the consideration of the anal3rtical 
nature of the actual solution of our problems in the third chapter, while the fourth 
chapter deals with the Galois theory of substitutions, to which the theory of 
mutually equivalent algebraic problems naturally belongs. 

The third chapter is particularly instructive, on account not only of the 
insight which it gives into the nature of the actual solution of the problem and 
of the resulting extension of our knowledge of the theory of functions, but also 
because of the fundamental connection here exhibited between the theory of 
these new functions and the theory of the linear differential equations of the 
second and third orders. The introduction of these equations adds a new and 
most valuable instrument of research to those already at our disposal, and at the 
same time the dominant purpose of the book, the extension of the subject to 
meet all other related branches, is fully carried out in this direction. 

The introduction of the differential equations into this theory is accomplished 
in a remarkably natural manner. We have a certain analytic or geometric con- 
figuration to which an invariant Z belongs, the elements of the configuration 
being denoted by >;. One of these last being given, say r, , all others are deter- 

mined by ^j = ^T^ ^ where a, /9, y, 5 are known quantities. If we differen- 
tiate this equation three times with respect to Z, and eliminate a, /?, y, 5 from 
the resulting and original equations, we shall have a differential expression which, 
being independent of a, /?, y, 5, is independent of linear transformation. This 

expression is the equation -~ ^ (-^ j = -^ — (^ J , of which either side 

is such a "differential invariant." This Schwarzian derivative, as Oayley calls it, 
is therefore independent of the separate elements of the configuration, and de- 
pends only on the configuration as a whole ; i. e. it is symmetrical in th6 roots of 
the corresponding equation, and is therefore a rational function of the invariant 
Z, The determination of the nature of this rational function is accomplished 
easily by aid of considerations from the theory of functions based on the 
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geometry itself. The differential equation then assumes the form 

JL JL_i._i 
M = -^^^ + ti + ^'i "^ »^ ^^ 

L'^J* 2^\{z-\f^ 2i|2» ^ 2(2— l)z ' 

where [»?], = ^ — y f ', J , and i^i, v^, I'j are characteristic numbers belonging 

to the special configurations already mentioned above, and denote in each case 
the number of points in the configuration which coincide in sets for the corre- 
sponding special values of Z. Thus, for the ikosaedron, i^8 = 5, corresponding to 
the five faces of the ikosaedron which meet at each vertex, and to the 5 points 
which consequently coincide when Z has the value belonging to the configuration 
of the vertices. 

With this introduction of the differential equation of the third order, this 
portion of the theory is by no means complete. There remains to be noticed an 
important connection between the theory of this diSerential equation of the third 
order and those linear differential equations of the second order whose coeflBcients 
are rational functions of the independent variable. Thus if y" + pij + qy =:zO 

be such an equation, and if we form the ratio of two particular solutions — , 
then, if the independent variable Z describe a closed path on its Riemann's sur- 
face, r = — will become £ = T ^ • On account of this linear relation yi 

y% ryi + %2 

satisfies a difierential equation of the third order, whose left-hand side is identi- 
cal with that of the equation already considered, while its right-hand side is a 
rational function of Z. It appears, furthermore, that not only can we always 
obtain from a linear difierential equation of the second order another of the 
third order, but that we can also always accomplish the solution of the inverse 
problem. There is therefore a linear differential equation of the second order 
belonging to that of the third order which we have deduced from the theory of 
the linear groups. The importance of this equation of the second order depends 
on the fact that its solution is a special case of the Riemann function P, the 
connection of which with the hypergeometric series of Gauss is well known. 

Returning to the difierential equation of the third order, we have already 
seen how our problem admits of extension by the introduction of infinite 
groups of linear transformations of a single variable. In the fifth chapter will 
be found an account of the connection of this theory with that of the functions 
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of Schwarz. Thus, using the notation already explained, 1 1 is 

l/j V, v^ 

always greater than 1 for all the problems which the present work treats. If 
now we give to I'j, Vg, I's any integral values, we get a series of new functions. 
The geometrical representation of these on the sphere is very interesting, and is 
given in some detail, but of especial importance is the system of functions 
obtained by putting rj = 2 , r, := 3 , and giving v^ successively all integral values 
from 2 on. This gives in succession for 1*3 =1= 2, 3, 4, 5 the diedron, the tetrae- 
dron, oktaedron and ikosaedron, and then an infinite series of transcendental 
functions ending with the elliptic modular functions for rj = 00. Every one of 
these Schwarz functions, ri, i*,, rg, is a rational function of every other, v[^ v%^v^^ 
if vi» ^a» ^8 stre integral multiples of rj, r,, rj. For the present case, where 
vi = 2, J/, = 3, every function of this series will therefore evidently be a 
rational function of v^ = 2, r\ ^ 3, rg = ». It is exactly for this reason that 
the equation of the fifth degree, among others, can be solved by aid of the elliptic 
modular functions. By solution of such an equation, we mean simply the 
representation of its roots as rational functions of known quantities, in this 
case, of the known elliptic transcendents. 

The actual solution of the problem having been thus discussed, and its 
bearing on other mathematical branches having been fully treated, it remains to 
determine the nature of all equivalent problems, i. e. of all problems whose solu- 
tion is implicitly involved in that of the present one. For this purpose the Galois 
theory of substitutions is the efficient instrument, while it also secures us a com- 
pleter knowledge of the essential nature of the internal structure of the problem. 
A development of this theory in its more essential and pertinent features occupies 
the fourth chapter of the book.* Starting from any algebraic equation of degree 
n, we may construct rational functions of its n roots ari . . . . a:„, and consider the 
effect which a permutation of these i*oots has on the form and value of these 
functions. A function may remain unchanged for all permutations of the roots, 
and is then symmetrical, or it may be changed by certain permutations and 
unchanged by others ; and the number of permutations which leave it unchanged 
may vary from n ! in the case of the symmetrical functions to for the utterly 
unsymmetrical ones such as aiasj + d^ +....+ oLn^n 1 where ai . . . . a» are all 

* Here the reader wiU do weU to take a course of paraUel reading in the recent work of Netto men- 
tioned in the footnotes of the Ikosaeder : ^^ Substitutionentheorie und ihre Anwendungen auf die 
Algebra.^' Teubner, Leipzig. 
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different constants. All those permutations which leave any function unchanged 
constitute a group, since evidently, if the permutations (t< and Oj leave a function 
unchanged, then their successive application, denoted by cr^oj, will also leave it 
unchanged. To every function then corresponds a group of substitutions, and, 
conversely, we can always find for every group a function which shall be 
unchanged by its operations. All functions belonging* to the same group consti- 
tute a family — ^Gattungf— which possesses the property that every function of 
the family is a rational function of every other one, with coeflScients which are 
rational in the coefficient of the original equation. If we consider any function 
^, and determine the corresponding group of substitutions, 1 , (Tj . . . . (t^_i, then, 
if we apply any other substitution a< to ^, we shall get a new function, ^2« Thuia, 
(7i^ = ^,. ^2 JS called conjugate to ^i. Evidently there can be only a finite 
number of functions conjugate to a given one. If k be the number of values 
which a function takes when subjected to all possible permutations of the roots, 
and if r be the order of the group belonging to the function, i, e. the number of 
operations included in it, then rk = n\ Both r and k must therefore be factors 
of n!, which greatly restricts the number of possible groups and values of func- 
tions. 

If 4^ .... ^A be all the values of a given function, then 2^i, ^4>i%9 etc., will 
all be symmetrical functions of the roots, and therefore rational functions of the 
coefficients of the original equation. We may therefore obtain an equation of 
degree k of which the coefficients are " rationally known " quantities, and of which 
p . . . . ^j^ are the ix>ots. Such an equation is a resolvent of the original equation. 
If thfe group of ^1 be 1 , 0*1 . . . . Cr _i , and if a^ converts ^i into <^, , then the group of 

^ will be 1 = <T<1 , 07^, CiCTicrrS o•<(7^_lCX^^ Here two important cases must be 

distinguished. Either the groups of ^1 ... . ^^r ^r© distinct, or they coincide. If 
they are distinct, not only are the <^'8 rational functions of the cc's by definition, 
but the a;'s are also rational functions of the ^'s, since every permutation of the 
aj*8 permutes the <^'6 also ; so that ajt^i + aj^, + ....+ aki>k is a n ! valued function, 
and therefore every other rational function of the roots is a rational function of this. 
In this case, if we can solve the equation for the ^'s, that of the ar's is likewise 
solved, JGind mce versa, if the x equation is solved, the ^ equation is isolved with it; 
t. e. the two involve only the same irrationalities. But if the groups of the 

* Any fanction unchanged by the operations of the group is said to belong to the group. 
t8ee E!ronecker*8 Festschrift, Crelle 92, for a further development of this idea. Cf. also in this 
connection Baohmann : Ueber Galois' Theorie der algebralschen Gleichungen, Math. Ann. XVItl. 

"^OL. IX. 
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4>i • • • • <?>» s-re coincident, in which case the group is said to be self-conjugate, the 
x's will not be rational functions of the 4>'s, and consequently the solution of the 
fp equation will not involve that of the x equation, but we still have to solve a 
second equation to determine the xb from the ^'s. To compensate this, the ^ 
equation is itself easier to solve, because of the relations which exist between its 
roots, every root being a rational function of every other root. In the former 
case, the given x equation and its resolvent present exactly the same problem ; in 
the latter case, the introduction of the resolvent decomposes the problem into two 
simpler steps. The possibility of such a reduction depends, therefore, on the 
presence of a self-conjugate group. Such a group occurs for the oktaedron, and is 
characteristic of the equation of the fourth degree. For the fifth degree and the 
ikosaedron, on the contrary, no such group exists. 

Through these considerations the question of the nature and of the determi- 
nation of those problems which are equivalent to the given one may be regarded 
as settled. Equivalent algebraic problems are those which are resolvents of each 
other. To this idea of resolvent equations must be added that of the Galois 
group of an equation, when the theory will be complete in this direction. The 
notion of the group of an equation is essentially identical with the conception of 
what, in the problem of its solution, is to be looked upon as known or given, 
i. €. the Rationalitdtsbereich of Kronecker. If the general equation of any degree 
be proposed for solution, evidently all that is known is the coefficients, and the 
solution of the equation consists in determining the roots in terms of these ; but 
for special equations we may know other rational relations between the roots 
besides the symmetric ones. For instance, for the cyclical equation x^ = 1 , where 
n is a prime number, we know that every root is a power of every other one except 1. 
% Again, for the ikosaedron equation, we know that every root is a rational function 

of every other one. If, now, we construct every rational relation which exists 
between the roots in the form of an equation whose right-hand side is , the 
Galois group of the given equation is that group of permutations of the roots 
which leaves all these relations unchanged in value.* 

The immediate application of this to the ikosaedron, oktaedron, etc., equa- 
tions is obvious. In each case the group of the equation is composed of those 



* I wish to append here a verj concise definition of the Galois group of an equation given by Prof. 
Klein in one of his lectures : ^' The Galois g^oup of an equation is the group of permutations of its 
roots which possesses the two properties— 1st, that all corresi)onding rational functions of the roots are 
rationally known, and 2d, that it is the smallest group for which tliis is true.'' 
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permutationB of the roots, or points of the configuration, which are produced by 
all the rotations of the corresponding polyedron. Thus the group of the ikosete- 
dron equation is composed of 60 permutations of its roots, out of a possible 60 ! 

The connection between this theory of the group of an equation and that of 
resolvents of the equation is complete when we notice that all resolvents of any 
equation have precisely the same group with the original equation, unless indeed 
the appearance of a self-conjugate sub-group should interfere with this. For, 
excluding this possibility, every permutation of the as will produce a permuta- 
tion of the ^'s, so that, corresponding to the group of the x equation, there will 
exist a group of permutations of the ^'s, which must then be the group of 
the p equation. For every function which is rational in the x& is also rational 
in the ^'s, and vice versa^ and every function which, regarded as a function of the 
sc's, is unchanged by a group of x permutations, will be, regarded as a function of 
the ^'s, unchanged by the corresponding ^ permutations. 

All problems, therefore, equivalent to the given ones are resolvents of these, 
whereby they all possess a common characteristic — they all have the same group. 
To finish this portion of the theory, it only remains to construct all such resolv- 
ents. And here the actual connection of the ikosaedron and the other polyedra 
with the equations of the first five degrees, etc., is made obvious. The general 
equations of degrees 2-5 and (lie cyclical equations are resoloents of the ikosaedron^ 
etc. J equations. Thus the 60 rotations of the ikosaedron and the 60 even permu- 
tations of the roots of the general equations of the fifth degree are sj^mbolically 
identical, i. e. holoedrically isomorphic ; and similar relations hold for the simpler 

In the fourth chapter of the book, the more important resolvents. are actually 
obtained. Among them, that of the sixth degree and the Hauptgleichung of the 
fifth degree are particularly to be noticed. The former is the equation for the 
transformation of the fifth degree of the elliptic functions. The latter will play 
an important part in the second portion of the book. 

Within the brief space of a review, it is of course impossible even to touch 
upon many matters of great interest, for which reference must be made to the 
reviewed work itself. And having now developed the fundamental ideas of the 
first part of the "Ikosaeder" in considerable detail, I shall be obliged to forego 
giving any adequate account of the many important and elegant theories contained 
in the second part of the book. This, however, will by no means imply that this 
portion of the work is of less importance than the other ; on the contrary, it 
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contains some of the most valuable features of the entire book. But, on the one 
hand, the structural nature of the problems dealt with here is already implicitly 
treated in the first part, and, on the other hand, the further developments which 
this last half of the book contains would scarcely be comprehensible without the 
actual study of the book itself No account of the " Ikosaeder " would, however, 
be complete which did not call attention to the historical development of the 
theory of the equations of the fifth degree contained in the opening chapter of 
the second part, which may well be read before any other portion of the book. 
The abundant historical matter contained here, and the profusion of foot- 
notes throughout, are most valuable features, and constitute in themselves a 
complete encyclopsedia of information. The methods of Tschirnhaus, Bring and 
Jerrard, and later those of Jacobi, Hermite, Brioschi and Kronecker, are all 
given in short sketches, with full references to the original works, which will 
materially assist the student in following the historical and philosophical develop- 
ment of these important systems. The reader will continually find himself 
referring to this, and to the fifth chapter of the first part, for the general direc- 
tion and tendency of the broader phases of the theory. 

Of the later chapters of the book, the fourth may be especially noted. It 
contains the treatment of the, Jacobi modular equation of the sixth degree, 
which connects the work of Klein with the earlier theory of Kronecker, 
Brioschi, Hermite and others. I can only mention here that this theory is 
closely connected with that of a ternary group of linear transformations, j ust 
as the ikosaedron problem is related to that of the binary linear group of 60 
transformations. 

Before concluding, it remains to mention one matter which is of consid- 
erable general importance, and is characteristic of Klein's entire method. It is 
the exact meaning of the phrase ''solution of an equation" in Klein's sense of 
the word. It will already be evident that this is something very different from 
the common conception of the words. Thus it is ordinarily said that the general 
equation of the fifth degree is solved by aid of the elliptic modular functions, 
whereas, from Klein's point of view, the introduction of these transcendental 
irrationalities is in no way essential to the theory, in iltct, rather lies outside the 
region of the present work. According to Klein, an equation is to be regarded 
as solved when its complete structural nature is fully known. This includes the 
knowledge of the nature of all connection between the roots, all relations 
betwe<?n differtdnt resQlyeQt functions, all functional quantities which may be 
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regarded as known ; in short, the entire Galois theory as applied to the case in 
hand; further, the nature of all those properties of the problem which are 
unchanged by groups of operations of any character, particularly those invariants 
which belong to groups of linear transformations ; again, the complete knowl- 
edge of the nature of the actual solution as based on the method of the 
differential equations, which last then creates a new portion of the theory of 
functions ; and finally, an adequate geometrical or hypergeometrical represen- 
tation shall be found for all these characteristic properties. It is with the 
implicit nature of the equation that this theory deals, while the explicit form of 
the actual solution is a matter of comparative unimportance. The introduction 
of the elliptic transcendents in the solution of the equation of the fifth degree 
appears from this point of view, like the introduction of the trigonometric 
functions in the solution of the equation of the third degree, to belong rather to 
the theory of transcendental quantities than to the theory of equations. 

Starting out from this broad conception, Klein has proposed a general theory 
of equations which shall contain in itself these various treatments. Thus, if we 
have to solve an equation, we first of all determine its Galois group. This 
having been done, the next step will be in each case to determine a finite group 
of linear transformations, of as few elements as possible, which shall be 
holoedrically isomorphic with the Galois group of the equation. The interpre- 
tation of these linear transformations as colUneations of the corresponding space, 
and the determination of a corresponding invariant configuration in this space, 
form the basis of the geometrical treatment. Finally, a system of differential 
equations is to be obtained which are satisfied by the actual solution of the 
problem. The hyperelliptic functions may then be introduced as accessory 
irrationalities, just as the elliptic and trigonometric functions appear in the 
present theory. 

Cambridge, September, 1886. 



Wave Motion in Hydrodynamics. 

By a. G. Greenhill, Woolwich, England. 



The mathematical subject of Hydrodynamics is still, in some respects, in an 
elementary stage, insomuch as every fresh problem solved constitutes a distinct 
advance of the subject 

One of the most important applications of the theory of Hydrodynamics is 
to the question of the motion of Waves under gravity and other causes, and as 
the investigations on this subject are for the most part scattered about in various 
scientific periodicals, I propose in this article to collect together the chief results 
hitherto obtained, and to give also a general connected account of the mathe- 
matical theory, at the same time attempting to develop it in some directions. 

In the mathematical treatment of Wave Motion we are constrained at 
present to employ the approximation of supposing the velocities of the liquid 
particles due to the wave motion to be sufficiently small for the squares, etc., of 
the particle velocities to be neglected ; although it is singular that this approxi- 
mation is not required in the first problem of wave motion ever solved, discov- 
ered by Gerstner in 1802, and afterwards independently by Rankine in 1862 
(Stokes, Mathematical and Physical Papers, I, p. 219). 

A list of the principal papers on the subject of Wave Motion and of their 
authors will be found in the Report on Recent Progress in Hydrodynamics, 
by W. M. Hicks, F. R. S., presented to the British Association. 

1. The most convenient order to employ in the mathematical treatment of 
a problem in the subject of Wave Motion is: (I) The determination of the 
velocity function ^ , or stream function i^, satisfying the equation of continuity ; 
(II) The determination of the boundary conditions to be satisfied at the sides of 
the containing vessel ; (III) The most difficult part, the determination of the 
conditions to be satisfied in order that the free surface should be a surface of 
equal pressure, or, more generally, at the surface of separation of two liquids 
there should be no discontinuity of pressure. 
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To secure uniformity of notation in the treatment of waves under gravity, 
we shall suppose the co-ordinate axis Oz drawn vertically upwards, and the 
plane xOy taken generally in the undisturbed horizontal plane of the surface of 
separation of two liquids at which the wave motion is apparent, and then the 
axis Ox will be taken in the direction of propagation of the waves when straight- 
crested, and, therefore, perpendicular to the crests. 

Then, to determine the wave motion in still water (still except for the 
slight disturbance of the wave motion), we must determine a velocity function 
^ . (I) Satisf3dng the equation of continuity for liquids : 

(II) Satisfying the condition 

ov 

at a fixed boundary, dv denoting an element of the outward-drawn normal of 
the boundary, or, more generally, 



dv 

the normal component velocity of the boundary, when movable. (Ill) Satisfy- 
ing at the surface 2=0, supposed a surface of equal or of no discontinuity of 
pressure, the dynamical equation 

a constant, neglecting the squares of the velocities of the liquid particles. 

At a free surface p is constant, and, therefore, -^ = , so that, rj denoting 
the elevation of the free surface. 



But 



^ dt ^ d^ 
dri d^ 



and ^ = _X^, 

where I denotes the length of the equivalent simple pendulum of the wave 
motion, so that , 3d) ^ 

'-87 = ^' 

at the free surface 2=0, or z = /^ , some constant. 
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2. When surface tension T is taken into account, this equation must be 
replaced by , _c^ , Tl^ ^ _ . 

an equation dufe to Kolacek {vide Portschritte der Mathematik, 1878). For, if 
dp denotes the excess of pressure in the liquid just below the capillary film over 
the external pressure above, 

^ ot 

But r and r', denoting the radii of curvature of any two vertical sections of the 
free surfaces by perpendicular planes, 

to one order of approximation, so that 

and differentiating with respect to <, and replacing -^ by -S- , remembering 
also that 3*^ , ^^ _ _ ^ 

^ "^ a^^ ~ as* • 

then -T^^g,^-9S.^, 



or 



dz ^ gp d:? '^• 



3. Digression on the Hyperbolic Functions. 

In the course of our investigations we shall require certain functions, called 
Hyperbolic Functions, from their connection with the hyperbola, which are 
analogous to the functions of the circle defined in ordinary trigonometry. As 
these functions are not defined and explained in all the ordinary text*books, we 
shall, for convenience, proceed to do so as follows : 

(I) -s" (^' + ^~') ^s called the hyperbolic coaine of v, and is denoted by cosh v. 

(II) -^(^' — ^"*') is called the hyperbolic sine of », and is denoted by sinh v. 

(III) -^-j: — 9 = — T" is called the hyperbolic tangent of v, and is denoted by 
tanh V ; and so on, by analogy, with the rest df the circuliar ftmdtions. 






Gbeenhill: Wave Motion in Hydrodynamics. 65 

From the exponential values of the cosine and sine, viz., 

cos u = — (e''* + c~**) , sin ti = — (e*** — e~"*") , 

when i denotes V — 1, we see, by putting u=.iv^ that cos it? = cosh t; , 
sin iv = t sinh t;, tan iv = i tanh v, etc. ; also, 

cos (w + iw) = cos u cosh V — i sin u sinh v , 
sin (m + it?) = sin u cosh v + i cos u sinh t?, etc., 

formulsB of great use hereafter. Therefore, also, 

cosh {tt + iv) = cosh u cos v — i sinh ti sin v , 
sinh {u + fv) = sinh u cos t; — i cosh w sin v. 

Analogous to the ordinary formulae of circular trigonometry, we have 

cosh (a + iS) = cosh a cosh ^ + sinh a sinh /? , 
sinh (a + /?) ^ sinh a cosh ^ + cosh a sinh /? , 

1 / . /i\ tanh a + tanh 5 
tanh ''-• -L- ''•'^ — 



(^"^^^~l + tanhatanh/9' 



and so on. 



sinh y + sinh 5 = 2 sinh — (y + 5) cosh -^ (y — 5) , 
sinh y — sinh 5 = 2 cosh — (y + 5) sinh — (y — 5) , 
cosh y + cosh 5=2 cosh -k- (y + 5) cosh -s~ (y — 5) , 
cosh y — cosh 5=2 sinh — - (y + 5) sinh -^ (y — 5) , 



4. Waves in Still Water of Uniform Depth. 



Supposing straight-crested waves of length Jl propagated in the direction 
of the axis of x with velocity ?7, we may begin by supposing the velocity 
function <^ = f{z) cos {mx — nt) , 

where m = 27t/^, n^=:^2nU/^, and r^-zngjl, I denoting the length of the 
equivalent simple pendulum. 

Then, from the equation of continuity, 

f -•"'/=»■ 

the solution of which is 

/(a) = a€~* + 6e-"" ; 

VOL. IX. 
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or, using hyperbolic functions, 

f{z) = P cosh mz+ Q sinh mz^ 
or, subject to the condition that 

^ = , when z = — A , 

dz 

h denoting the depth of the water, 

/{z) = A cosh m (25 + 7i) ; 
so that ^ = J. cosh m{z + h) cos (ma — nt) . 

Then, at the free surface 2=0, 

or, ml sinh wA = cosh mh ; 

or, wiZ = coth mh . 

Then, lP = -^=^ 

= — tanh ml = ^tanh-'T , 

the well-known expression for the wave velocity. 

When h/X is small, we can replace tanh {27ih/X) by 27ih/X, and then 

Kelland, Scott, Russell and Greenes expressions for the wave velocity when the 
wave length is great compared with the depth of water. 

When h/X is large, we can replace tanh {27th/X) by unity, and then 

lP=zgX/2n, 
agreeing with Gerstner^s and Rankine's expressions for the wave velocity in 
water of great depth. 

5. Next, suppose there is a surface tension T at the free surface ; then the 
condition 7 9^ 1 ^i 3^^ ^ 

when z = , leads to the relation 

ml sinh mh A m* sinh mh = cosh mh ; 

99 

mr 
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the general expression for the wave velocity under gravity and surface tension 
combined. 

When X is large or T small, we may put 

t7»=|^tanh-. 

as above ; but when X is small, the term gX/27t is insensible, and we can put 

TT« 2.Tr^ , 27th 
U^ = — r tanh -r- , 

the velocity of propagation of ripples of wave length ^ due to surface tension T. 
Supposing the depth of water h sufficiently large for tanh {27ih/7i) to be 
replaced by unity, then 

so that the minimum value of U is 

V( Vf ) ■ 

and the X = 2n^ ( TIgif). 

Sir W. Thomson proposes to distinguish by the name of ripples those 
waves whose length is less than the above critical value of ^ ( Phil. Mag. (4) 
zlii). 

6. A slight extension of this problem may be made by supposing the 
capillary film of the surface to be replaced by a flexible cloth of uniform tension 
7* and uniform superficial density a resting on the surface of the liquid. 

Then, assuming for the liquid motion a velocity function 

^ = J. cosh m (2 + ^) cos {mx — nt) , 

as before, supposing A a small constant factor, and denoting by ri the elevation 
of the surface, then, when z = , 

-:/-- = -^ = mA sinh mh cos {mx — nt) , 
at dz 

and, therefore, r = A sinh mh sin {mx — nt). 

Denoting by dp the excess of pressure just below the cloth over the atmos- 
pheric pressure above, then 

or, dp — gfp — nA sinh mh sin {mx — nt) + nA cosh mh sin {mx — 7i<) = . 
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But the equation of motion of the cloth is 

80 that, dropping the common factor A sin {mx — nt) , 



or, 



amn sinh mh = T - sinh mh + 70 — sinh mh — on cosh mh ; 

n ' n ^ 



U'= ^ = 



m' /o coth mA -j- am ' 



giving f7 the velocity of propagation of the waves, and reducing, when a 
to the preceding case of a capillary film. 



= 0, 



7. Waves in Ice of Uniform Thickness Resting an Water of Uniform Depth. 

If the water is covered with ice, then the equation of vibration of the 
surface must be replaced by 

where L denotes the flexural rigidity of the ice, the vibrations being now of the 
nature called lateral vibrations (Rayleigh, Theory of Sound, I, Chapter 8, 
§163), the inertia of each vertical section of the ice being supposed concentrated 
at the centre. 

Then if e denotes the thickness of the ice, and E Young's modulus of 

elasticity, X= ^e"^, and (T=:ep, 

supposing the ice of the same density as water, so that now 



or, 



amn sinh »wA = — L — sinh mh-^- gf — sinh mh — pn cosh mh] 

tnr 



8 



f) coth mh-\- am 
"" coth(2;r^/>l)-f-2;r«/A ' 

giving the velocity of propagation of waves of length X in ice of thickness e, 
resting on water of uniform depth h. 

It is remarkable that- ice was the first substance for which an experimental 
determination of E was attempted, as described in Young's Lectures on Natural 
Philosophy. 
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8. Waves in Water of Uniform Depth Establisfied and Maintained by Impinging 

Waves of Sound in Air. 

Suppose the preceding kind of wave motion in conjunction with plane 
waves of sound impinging at an angle /?, we have thus an illustration of a 
forced, or rather controlled, wave motion in the water due to free waves in the 
air. Let ^ = -B sin { ^ (a sin /? — z cos /?) — n< + a } 

represent the normal displacement in the incident wave of sound, and 

fi = Bi sin { m (cc sin /? + z cos /3) — n< + Oi}, 

in the reflected wave ; and let 

>7 = 6 sin {mx sin /? — nt) 

represent the displacement of the surface of the water. Then, at this surface, 
we must have >; = (^^ — g) cos /? , 

when 2=0, in order that there should be no separation of the air from the 
water, so that 

h secj3 sin (^x sin/? — n^) = J5i sin(7wxsinj3 — w^ + ai) — -B sin (mo; sinj3 — n<-f a) 

for all values of x, leading to the equations 

[ii cos tti — B cos a = 6 sec ^ 
Pi sin tti — -B sin a = 

The velocity function of the motion in the water must be of the form 

^ = A cosh {m{z + h) sin^} cos {mx sin (i — nt)] 



0) 




yy//////////////y////y//^^^ 



and then, since 

when « = , therefore, 



dt "■ 



dz ' 



— nb = mA sin ^ sinh {mk sin (i) . 
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From the dynamical equation 

we have, denoting by dp the periodic part of p just below the surface of the 
water, dp _, . 3* _ a 

or, Spz= — gpri — p^ 

= — { gpb + pnA cosh {mh sin /?) } sin {mx sin j3 — nt). 

Suppose, now, at the surface of separation of the air and the water there is 
a film or cloth of tension T and superficial density o ; and we might also, if we 
like, suppose the film to possess flexural rigidity L like ice, without much addi- 
tional complicatioa ; then, at the surface of separation, 

when 2 = 0, where dp^ denotes the periodic part of the pressure in the air due 
to the wave motion. 

Now, p' denoting the density of air and a the velocity of the sound waves, 
we have n? « j>' 

and the cubical elasticity 

so that dp = yp' -^ = — yi>'^ = — «V^ » 

8 denoting the cubical expansion ; so that 

* = ^ (^1+ ^/«>° i^) + ^ (^1 - ^) «o« ^ 

= mBi cos { m (a sin ^ + 2 cos /3) — n< + ai } 
+ mB cos \fn{x sin/? — z cosj3) — nt + a}. 
Therefore, when 2=0, 

dp' =• — a^p'm J Bi cos (mx sin ^ — nt + ai) + B cos {mx sin /? — n< + a) f 
= ay m (J5i sin ai+ B sin a) sin (?wx sin ^ — nt)j 
provided that Bi cos ai + -B cos a = , 

which, combined with the previous equations, gives 

jBj sin a cos a ^ 

B sin Oi cos ai ' 
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or, tan a = — tan ai , a = — ai , 

and A = — ^ = "TT ^ ^^^ a sec j3 . 

Then, since i = A&in^ sinh (m^ sin /?) , 

the boundary condition becomes, when the common factor A sin {mx sin j3 — nt) 
is dropped, 

(Tmn sin (i sinh (mA sin (3) = T — sin^ /3 sinh {mh sin /?) 

— L — sin* /? sinh (mh sin /?) + <7p — sin /3 sinh (^/i sin ^) 

— pn cosh {mh sin /?) — ay — tan a tan (3 sinh (wA sin /3) ; 



n 



m* 



or, p'n tan a tan /3 = — amn sin /? + T — sin^ (3 

— L — sin*^/? + f/p — sin /iJ — pn coth (wiA sin ^) , 

giving tan a, and therefore a, the change of phase of the sound wave in being 
reflected at the surface of the water. 

9. Be/lection and Refraction of Plane Waves of Sound hy a Plane Curtain. 

Suppose, now, that the cloth, instead of resting on the surface of a liquid, is 
the plane surface of separation of two elastic fluids of different densities p and p', 
but necessarily of the same pressure p when at rest, the cloth being now 
supposed vertical to abstract the curving eifect of gravity; let us now inves- 
tigate the reflection and refraction of plane waves of sound, impinging and 
being reflected at an angle ^ in the first medium of density p, and being refracted 
at an angle (i' in the second medium of density p'. 

Denoting as before by 

^ = -B sin ] m (x sin /? — z cos /?) — nt-^-a] 

the normal displacement of the incident waves, and by 

^1 = J5i sin ] m (x sin 3 + z cos /3) — nt '\- ai\ 

of the reflected, and by 

^' = B' sin \m'{x sin/3' — z cos^') — nt^-a'] 

of the refracted wave ; then 

(I) m sin /? = m' sin ^', the Law of Refraction. • 
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Also, denoting the displacement of the surface of separation, the cloth or 
curtain, by >7 = 6 sin (ma sin /? — nt)] 

then, as before, when 2 = 0, 

>7 = (£i-^)cos/? = -f cos/3', 




leading to -Bi cos ai — B cos a = h sec ^ , 

-Bi sin tti — J5 sin a = , 

B cos a' = — 6 sec /?' , 

-B' sin a' = ; 

so that a' = , and 5^ = — 6 sec j3'. 

For the motion of the curtain, 

where 3p = — a*p« , 9// = — a'^pV, 

« and «' denoting the cubical expansion in the two media in the neighborhood of 

2=0; also, a and a' denoting the velocity of sound in the two media. Then 

8 = mBi cos {mx sin ^ — w< + ai) + mB cos (mo; — n* + a) , 

b/ = ?w'£' cos (mx sin /? — n<) ; 
so that 

_ (X ^ + 70 = (an*— Tm^ ain* (3) h sin (ma sin ^ — nt) 

= 3p — 3^)' = — a*ptn j^i cos (ma? sin /? — n/ + ai) + J? cos {mx — ni + a)\ 

+ a'^p'm'B cos (ma sin ^ — nt), 
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for all values of x and t, leading to the conditions 

{an^ — TVn* sin* ^3) 6 = a^pm (JSj sin ai + i? sin a) 

and = — a^pm {B^ cos a^ + J5 cos a) + ay m'B. 

Therefore, since a* = n^/m^, a'* = rf/m!^, 

5,sina,= 5sma = ^, mh^ ■ ^^^ ^ 6, 

and -Bi C08(»i + J5cosa = ^^^— ^'j 

= 5—- h sec /?'; 

also, B^ cos tti — 5 cos a= h sec j3 ; 

BOthat B,cosa, = -^ L__Z i^j, 

5 cos a = ^- ~-^i — b, 

2arpm 

. . ^ a'/>m sec fl + ci^f/w! seo )? 

«iv^°« cot a = "^ /T, a . ,^ ^ , 

<m* — im' B\T?p 

whence the change of phase by reflection is determined ; also, 

B'lBi.B^ 
= (an» — 7>n* sin» ^y + (a»pin sec |3 + a'Vm' sec /?')*, 
:(an*— 7k» sin*/3) + (a'pwi sec|3— aym' sec/J^')*. 
Aaym^ sec^ /tJ', 

giving the ratios of the intensities of the incident, reflected and refracted waves. 

Put (T = and r= and we obtain the results of the cases considered by 
Green in his paper on the Reflection and Refraction of Sound, published in the 
Transactions of the Cambridge Philosophical Society, 1838, and republished by 
Ferrers in the Mathematical Papers of the late Gteorge Green, 1871. 

Then a=0, ai=0, 

and ^ apsec^-aff/sec^ 

' 2ap ^' 

n apeec^ + ofp^ 6eG^\ 

^= -^ *• 

since am = a'm' = w . 

Vol. IX. 
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We might, as in Green's paper, have supposed the incident, reflected and 
refracted plane waves given by 

^ =/{m(a; sin^ — z cos/3) — n* + af , 
^1 = jF { m (a: sin j3 + 25 cos /?) — nt + ai\^ 
<^' = /i{m'(a;sin/?' — 25C0S|(3') — w< + a'}, 
and the displacement of the curtain by 

>7 = /, ] mx sin (3 — nt] ^ 
when/, -F, /i,/s denote arbitrary functions, and determine the conditions to be 
satisfied as before. 

10. Theory of Long Wattes in Canals. 

In this theory the vertical motion of the liquid particles is supposed insen- 
sible compared with the horizontal motion, and the depth of water small 
compared with the wave length ; so that 

as before in § 4, for water of uniform depth. 

This is proved independently by supposing the pressure at any depth the 
same as the hydrostatic pressure due to the depth below the free surface ; so that 
^ J denoting the horizontal displacement of a liquid particle, and yj the elevation 
of the free surface, then 

^ dp df) 

so that 35 = — 7 -7^ • 

de ^ dx 

But the equation of continuity leads to the condition 

or, ,7-t-A^ = 0, 

to one order of approximation, b denoting the breadth and h the depth of the 
canal of water. Then 

SO that ?7= ghf 

U denoting the velocity of wave propagation. 
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We may, however, generalize this kind of motion, as was done by Kelland, 
by supposing the cross-section of the canal of any form, but uniform; and then 
Kelland found IP = gA/h , 

where A is the area of the cross-section, and 6, as before, the breadth at the surface 
of the water. 

For, in the more general case, where we consider the waves at the surface 
of separation of two liquids of densities p and p' filling a closed uniform hori- 
zontal pipe or conduit, so that A and A' denote the cross-sections of the pipe 
occupied by the liquids, and h the breadth of the plane of separation, we shall 
find ~. _ X P~f^ 



TP = 



A '^ A' 




reducing to gA/h^ where p' = 0. 

The simplest way to prove this is to suppose the motion made steady by 
applying the reversed velocity — ?7, equivalent to considering the motion rela- 
tive to an origin moving with velocity J7. 

Then >/, denoting the elevation of the surface, and u, v! the small additional 
velocities in the liquid due to the wave motion, 

{A + hn){U'\'u)-AU, 
{A' — by!){U+vf) = A'U', 
or, Au + hUrt = 0, 

A!v! — hUri = Q. 

Then, dp and 9/?', denoting the increments of pressure caused by the wave 
motion in the liquids just below and just above the surface of separatioui 



-•4' 
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or, dp -\- g^ + fUu =■ , 

dp'+gp'n+p'Uy=0. 

When there is no capillarity, etc., dp = dpf, so that 

gip-ff)y,= {p'uf-^pu)U 



=(^+i)»^,, 



A ^ A! 
But, with a separating film of tension T, 

T^ + dp-d2/=0; 

BO, if we assume that ij=za cos mx , 

we have ^S = — Tm*n 

= dpf — dp = g if — ff)*i + (pu— pV)tr 

= ^(p-p')>7-(^ + ^)6i^'7; 

or, Tm>=(^+ ^)hlP-gip + pr 

When the liquids are bounded below and above by horizontal planes, at 
distances h and h! from the mean plane of separation, this equation becomes 

an equation which will be found useful as a preliminary to the consideration of 
the Instability of Jets and its application to the flapping of sails and flags, investi- 
gated by Lord Rayleigh (Proceedings of the London Mathematical Society, Vol. 
X, No. 141). 

If the upper liquid had been moving with mean velocity IP different to J7, 
the preceding equations would be replaced by 

Au+ 6t7>7 = 0, 
A'vf — bU'yj = , 

/ TP U'^\ 
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11. Waves at the Surface of Separation of Two Idquida. 

The preceding case suggests the consideration of the general case of waves 
at the surface of separation of two liquids of different densities, and conse- 
quently a horizontal plane, when the liquids are either still except for the wave 
motion, or are flowing across each other with given mean uniform velocities, in 
which case the liquids must be bounded above and below by horizontal plane 
barriers if these velocities are not in the same direction. 
First, when the liquids are still, we must have 

^=z A cosh m{z + h) cos {mx — nf) 
in the lower liquid, of depth h , as before, and 

^' = A' cosh m{z — A') cos {mx — nt) 
in the upper liquid, of depth A', suppose ; and then, if 

>7 z= a sin (mx — nt) 
represents the displacement of the surface of separation, we must have 

dyj d^ d^' 

dt "^ dz ^ ' 

when 2 = , in order that there should be no separation of the liquids ; conse- 
quently, — wa = mA sinh mh = — mA' sinh mh'. 

Again, from the hydrodjmamical equation 

p_ + g^ + ^ = n 

fi ^ dt 
we obtain, at the surface of separation, 

in the lower liquid, just below the surface of separation, and 

in the upper liquid, just above. 

Neglecting capillarity, etc., dp = dp\ and, therefore, 

= ( — pnA cosh mh + p'nA' cosh mh') cos {mx — nt) 
= rp — coth mh + p' — coth mh'j y/ ; 
_ rf _ g p--p' 



so that ^ = A = 



m? m p coth mA + /^ ^th mh' ' 




^1 



I 

,1 

i 
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(Stokes, On the Theory of Oscillatory Waves, Cam. Phil. Trans., Vol. VIII, p. 
441 ; republished in Mathematical and Physical Papers, Vol. I, p. 212.) 
Putting p' = , we obtain 

m 2;r >( 

as before. 

When ^ is small compared with h and h', then mh and mh' are large, and 

we may replace coth mh and coth mK by unity, and then 

jp_ 9 P — f^ 

which, when the ratio p'/p is small, as is the case of air on water, can be replaced 
by IP- 9 r.o (^ 






12. Suppose, now, the upper liquid is moving, like the wind, over the 
surface of the lower liquid with velocity F', and we wish to determine U, the 
velocity of propagation of waves of length ^ at the surface of separation. 

For generality, we shall suppose the lower liquid also moving with velocity 
y, and seek to determine the new relation connecting F, F' and U. 

The simplest way is to take a moving origin or plane of yz^ moving with 
velocity F in the direction of the axis of a:, the direction of wave propagation, 
and to consider the relative motion of the liquid, which will now be steady 
relatively to the moving co-ordinate axes. 

This is equivalent to supposing the motion made steady by impressing the 
reversed velocity — J7on the system. Then we must put 

<^= (F — ?7)x+ A cosh m (2 + A) cos wia, 
<^' = ( F' — J7) X + J.' cosh m{z — A') cos mx ; 

so that, now introducing the conjugate current functions ^ and 4'i 

4 = (y — U)z — A sinh m{z — h) sin mx, 
•4/ = ( F' — U)z — A! sinh m{z — h!) sin mx. 

For the liquids not to separate, we must have, when 2=0, 4 = '4^ ; so that 

A sinh mh = — A^ sinh mh' , 

the condition obtained otherwise by putting, when z= 0, 

9» 32 
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Now, supposing that the displacement of the surface of separation is given 
by >7 = asin7nic, 

we must have, when 2=0, 

1// = (F — U){yi — a sin wix), 

'ij/ = ( F' — U){yi — a sin mx) ; 

so that A sinh mh = ( F — U) a, 

^'sinhiwA'= — (F— Cr)a. 

Also, from the hydrodynamical equations, with the same notation as before, 

or, dp + flrp>7 — pmJ. (F — U) cosh mA sin wia;= 0, 

9p' + fl^p'>7 — p'mA' ( F' — 17) cosh mK sin ma = ; 

or, 3p c= — flrp)7 4- pwi ( F — Uy coth ?wA >7 , 

dp' = —gp'v — p'^{y' — Uy (^othmK Y! . 

If there is no capillarity, etc., at the surface of separation, dp = 3//; so that 
gr (p — pO = pm ( F— Uy coth mA + p'm ( F' — Uy coth »wA^ 

whence 17 is determined, when F, F', p, p' and A, A' are given. 

We have supposed here that the current velocities F and V are in the same 
direction as U, the wave velocity ; but if F and F' make angles a and a' with JT*, 
then, in the above expression, F and F' must be replaced by F cos a and 
F' cos a', the components F sin a* and F' sin a' of the currents perpen- 
dicular to the direction of propagation of the waves having no effect upon 
the determination of U (Encyclopaedia Britannica, 9th edition, article Hydro- 
mechanics). 

13. In the most general case, where the surface of separation is endowed 
with tension T, superficial density a and flexural rigidity Z, the condition to be 
satisfied at this surface is 

Now, if >7 = a sin mx, 



-n. 
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also, 

dp — dp' = — g {p— f>')v + {pm(F— Uf ooth mh + p'm {V — Uy cothmh'\ffi 

so that, omitting the common factor yj , 

aw»— 7Vn»— Zm*-^Sr(p — pO + pm(r— f7)»cothwiA + p'wi(F— Cr)»cothmA' = 0. 

The application of this equation to the discussion of the Instability of Jets, 
including the flapping of flags and sails, has been considered by Rayleigh, as 
mentioned above. 

In the application to a flag we may put p = p% and replace coth mh and 
coth mh by unity ; also, Z = 0, and we may also suppose 7^= 0; then 

crn*+ 2pm {V— Z7)*=-0, 

indicating the instability of the motion, and showing that it cannot be repre- 
sented by a periodic term of small displacement ; we tnust therefore replace in 
the motion cos {mx — nt) by cosh (mx — nt) , sinh {mx — nt), or 

{P cosh mx + Q sinh mx) cos nt. 

In the above general equation put a = 0, Zr=0, F=0, and replace 
coth mh and coth mh by unity ; then 

Tm^ + g{p — p') = pmlP + p'm{V' — U)\ 

the equation considered by Thomson for the determination of the ripples pro- 
duced by wind F' over the surface of still water. 

If W is the velocity of ripples of the same wave length without wind, 

^• + fl^(p-p') = (p + p')^w^*; 

the miDimam valae of which, for different values of m , is < 

and then m* = ^ (p — (/)/ T. 

But pt7» + (/(F— IO*=((> + f*')W^; 

giving the velocities of the ripples with and against the wind V. 

The least value of V^ is less than (p -f pO'/pp' times the least value of TP, 
and, therefore, the least value of F^ to produce ripples is 



^- 
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If the wind is blowing with velocity greater than this minimum value of F', 
the plane surface of the water becomes unstable, and ripples are produced 
(Sir W. Thomson, Phil. Mag., 1871). 

14. Waves in Water Flowing with Variable Velocity fz^ Some Function of the Depth z. 

In this manner we may attempt an investigation of the standing waves seen 
in a sloping current of water, where the velocity varies with the depth in conse- 
quence of viscosity and the fluid friction against the bottom; the method, 
however, will not be very rigorous, as we must begin by assuming fluid friction 
to account for the varying velocities at different depths, and afterwards neglect 
fluid friction when we come to consider the superposed wave motion. 

Supposing, however, the motion is steady, we must put the current function 

'^=: Fz — A sinh m{z + h) sin mx , 

so that the mean value of w or -^ is F'z or /z, denoting fz by F'z. Then, at 

the bottom of the water, 

i// = 2^7* , a constant, 

and at the surface 

'4/=z FO + rifO — A sinh mh sin mx ; 

so that if, at the surface, 

>7 = a sin mx , 

then A sinh mh = afO . 

At the surface 

or, dp + g^Yi + p {rifO — mA cosh mh sin mx)fO = ; 

or, dp + p>7 \g +yD/0 — m {/Oy coth mh\ =0; 

so that, if d/) = , 

g + fOfO — m {/Oy coth mh = 0. 

Here fO denotes the velocity of the current at the surface, and /'O the vertical 
rate of change of the velocity at the surface. 

For instance, if the current flows imiformly with velocity F, 

g — mV^ coth mh = ; 

or. 7* = - - tanh mh , 

m 

Bs before. 
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For a viscous liquid, flowing over a flat bottom, /'"a = 0, fz = — » f£ 
denoting tho viscosity and i the slope of the stream, supposed small, 

supposing V the current velocity at the surface (Bncy, Brit., Hydraulics), There- 
fore, g + VG— mV^ coth wiA = 0; 
G is generally determined from the condition that the liquid adheres to the 

bottom, and, therefore, /A = 0, giving 

1 Qt , V 

h • 

15. In the experimental verification of the above theory of the motion of 
waves at the surface of separation of two liquids, we can make the wave velocity 
U as small as we please by making p and p' nearly equal. 

Again, in order to study experimentally the waves in water of uniform 
depth, the best plan to obtain uniformity of depth is to pour water on the top of 
mercury (Stokes, Math, and Phys. Papers, I, p. 199). But in this case the mer- 
cury forming the bottom of the water will not be fixed, but will itself be set 
into wave motion, and the modification thus introduced is considered by Stokes 
on p. 217. This is a particular case of the general conditions to be satisfied 
when waves are propagated at the surfaces of separation of a number of superin- 
cumbent liquids forming horizontal strata, and limited above and below by fixed 
horizontal planes. If the upper surface is free, the density of the highest stratum 
of liquid must be supposed zero. 

This general theorem has been worked out by Mr. R. R. Webb, and we 
shall proceed to investigate his results, which were given in the Math. Tripos 
Examination at Cambridge in Jan., 1884, as follows : 

A rectangular pipe whose faces are horizontal and vertical planes is com- 
pletely filled with n + 1 liquids ; show that the velocities v of propagation of 
waves of length X at the surfaces of separation of the strata are given by the 
equation 
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where A^ = ^w^jX (pr+i- coth lithrj^JX + pr coth 2n^,/X) — gr (p^+i — Pr) i 

5y = 27ti^p^/X cosech %'7thrl'k , 

and A^ is the equilibrium thickness of the r*^ stratum of density p^. 

In particular, if p^ = ra , h^=z ra^ then the 2yi values of v are included in 

the formula , 1 / / \ / ** ^\ 

t^=±-2V(flra)sec(^^^-pj^j, 

where r is supposed to assume the values 1, 2, 3, n, and X , the wave length, 

is supposed very large compared with na. 

In order that the velocity function ^r iii the r^^ stratum should satisfy the 
equation of continuity and the conditions that 

^ = p,^^ at the surface of separation of the r^^ and r — 1^*^ liquids, 

then, taking the plane of xy in the upper surface of the pipe, we must have 
4>r = { Cv-i cosh m(z + Ai4-^ + . . .. + A,.) 

— Gr cosh m (« + Ai + Ag + . • . . + A^-i)} ^^^ \! ~i. i 

^ ^ ' m sum m/i,. 

wd then 

-^ = Cv_i cos {mx — n<), when 25 = — Aj — A^ — . . . . — K^x^ 

^ = Gr COS (mx — w/), when 25 = — A^ — h^ — .... — A^; 

and, therefore, if rir denotes the elevation of the surface of sepaxation between 
the r^ and r + I**' liquids, 

-^= C,.cos(mx — n<), 

G 

and >7r = - — ^ sin (wia — w/) . 

To express the fact that there is no discontinuity at this surfieu^e of repara- 
tion, we h^ve the equations 

— + fl^>7r+ ^ -0, 

Pr+1 ^^ 

SO that, since Zpr = 3i>r+i> 

or, .y(p,^,_p^)^^ + p,^,j9|±i_p^^r^0. 
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Now, when 2 =: — hi — h^ — . . . . — h^, 

^$^ = — ( C'r - 1 cosech mJir — Cr coth mh^ sin {mx — nt) , 

^"^^ = — (C'r coth mhr^i — Gr+i cosech mhrj^-^ sin {mx — nt)] 

so that, dropping the common factor — sin {mx — nt) , 

— fl^(pr+l— Pr) ^r+ — (^rfr+1 COth mK^i— <7r + lPr+l COSech fW^ + i 

— C^_ipr cosech wiA,. + Crfr coth wi^^) = ; 

or, Cr^iBr + CrAr Cr^iBr^i = 0, 

since n^/m = 2nv^/2. , m = 27t/yl . 

Also, the top and bottom of the pipe being fixed horizontal planes, CJ, = 
and (7^+1= 0, so that the elimination of the (7's leads to the determinant given 
above. 

When the pipe is open at the top, we can represent the motion by supposing 
pi = , or 5i = , and then the particular case for waves when there are two 
superincumbent liquids with a free surface has been given by Stokes (Math, 
and Phys. Papers, I, p, 217). 

It will be noticed that, although there is no discontinuity in the value of 

^ at a surface of separation of two strata, there is discontinuity in ^ , denoting 

a slipping of one surface over the other, the slipping velocity at the r^^ surface, 
where 2 = — A^ — h^ — ..,. — A,., being 

= { Cr^ I cosech mhr— Gr{coth mhr +1+ coth mhr)+ Oi-^i cosech ?w^^i}sin(f?ix — nt). 

This slipping proves a difficulty in the attempt of proceeding from the above 
investigation of waves in strata of finite thickness to the case of waves in a 
liquid of variable density arranged in horizontal strata. 

When ^ is large and m is consequently small, we may replace p,. coth mhr 
and fr cosech mhr by pr/'^^K ; and then, if p^ = w , A,. = ra , 

^^ = 2a— f — gaa = 2at^ — gaa , 

J5,. = cr — i = (Ti;* : 
mr 
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so that the above determinant becomes 
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n rows 



ga 



= 0, where (7=2 — ^, 

the determinant considered by Rayleigh (Theory of Sound, I, p. 131). 
It is there proved that, putting (7 = 2 cos ^, so that 



^ = "rfl^^sec*-^^. 



then 
where 



VK 



^~n + l' 

r = 1, 2, 3, . . . . w. 



16. Waves in Canals with Sloping Sides ^ or against a Sloping Beach. 

So far, the wave motion considered has only involved two co-ordinates, x 
and Zj and might be considered limited by any two fixed vertical planes per- 
pendicular to the axis of y. 

In the case of the canal of uniform arbitrary cross-section, Eelland obtained 
the equation, IP = gA/b, 

for U, the wave velocity of long waves moving along the canal. 

Eelland, however, was successful in obtaining an exact expression for the 
motion of progressive waves in a straight canal the sides of which sloped down 
uniformly to an edge at an angle of 45^; he found that, taking the axis of x 
along this edge, we can put 

4> = -4 cosh my cosh mz cos \/ 2 (mx — nt) , 

satisfying the equation of continuity 

and also the boundary condition ^ = ; 



or, 



dx dy dz 
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I, my n denoting the direction cosines of the normal to the boundary. In this 
case the boundary conditions are 

^ + ^=0.wheny + 2 = 0, 

which are immediately seen to be satisfied. 
At the surface of the water, where 2 = ^, 

for all values of x and y ; or, 

ml sinh mh = cosh mh, or ml = coth mh, 

2 

and (7* = ^ = ^ = — tanh mh, 

the same as for waves in water of depth A, but now 27t/X = wi\/2. 

By transferring the axis of x to the edge of the water on one bank, we 
obtain 4> = J. cosh m (y + A) cosh m{z — h) cos V 2 (mx — ni) , 

which, when h is made indefinitely great, can be replaced by 

4) = Be-"^^-'^ cos js/2{mx — nt), 
giving the motion for waves moving parallel to a shore sloping at 45®, the crests 
of the waves being perpendicular to the shore. 

This may easily be generalized, as Stokes has shown (Report on Recent 
Researches in Hydrodynamics, Math, and Phys. Papers, I, p. 167), for a shore 
sloping at any angle a, by putting 




satisfying the equation of continuity and the boundary condition 



9<l) . 

• oil 



dip 



^ sin a + -^ cos a = 0, when y sin a + 2 cos a = ; 

oy c/« 
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also, at the free surface 2; = , 

Z ^ = ^ ; or, m? sin a = 1 ; 

SO that cr = — 5" = tS = -^ ^5in a = ^ sin a , 

m Im m Ztt 

a denoting here the slope of the shore to the horizon. 

Analogous to Kelland's previous solution, we might put 

4) = J. sinh my sinh mz sin \/ 2 (mx — nt) , 

satisfying the equation of continuity and the boundary conditions, and at the free 

surface 2 = ^, l^ = ^ gives 

?n?= tanh mh; 

or, U^z=i ^ coth mh . 

m 

The shape of the free surface will be different in the two cases ; in the first, 

Kelland's case, when z = A, 

-^ = ^ = mA sinh mh cosh my cos ^/ 2 (mx — nt) ; 

SO that )7 = -r^ sinh wiA cosh my sin \/ 2 (ma — nt) 

or the form >7 = a cosh my sin \/ 2 (mx — nt) , 
an even function of y ; and in the second case, 

--^ = ^ = ?n J. cosh wiA sinh my sin \/ 2 (mx — nt) ; 

so that the free surface is of the form 

>7 = a sinh my cos V 2 (mx — nt) , 
an odd function of y. 

Introducing capillarity on the free surface, but neglecting its eflFect at the 

contact of the surface with the bank, then the equation 

TlnJ^ 
gives ml sinh mh H sinh mh = cosh mh ; 

9P 
or, ml H = coth mh ; 

and, for the second kind of motion, 

ml H =: tanh mh . 

9P 



■< 
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17. Let us apply Eelland's expression to determine the progressive waves 
at the surface of separation of two liquids, each half filling a pipe, of which the 
cross-section is a square with a vertical diagonal, of length 2h . 

Taking diagonals of the square as axes of y and z, then we can put 
4) = ^ cosh my cosh m{z + h) cos \/ 2 {mx — rU) , 
4)' = — A cosh my coshm (z — h) cos \/2(mx — n<), 

satisfying the equation of continuity and the boundary conditions, except just 
where the surface of separation meets the boundary, the disturbing efifect of 
which we shall neglect, although of course disturbing waves would be generated 
thereby. 

Then, as before, if 97 denotes the elevation of the surface of separation 
'where the mean value of 2 = 0, 

-if = ^ = mA cosh my sinh mh cos V 2 (mx — rd)] 

(jZ 



dt 
so that 



mA 



nt)i 



also, 



and 



)7 = j^ cosh my sinh mh sin \/2{mx - 

^ = n J.\/ 2 cosh mu cosh mh sin \/ 2 (mx — n<) = — 2 — >7 coth mh , 

at ^ ^ ^ m 

^'=2 — ncothmA. 
at m 
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Also, as before, 






n» 



or, dp + gpyj — 2p — yj coth mh = , 






80 that if dp = 3^', 



3/>' + gp'y; + 2p' — >; coth wi^ = ; 



n* 



fl' (P — P') = 2 — - (p + p') coth mh] 



or, fP = ^ = ~ -^ ^-r4 tanh iwA. 

rnr 2 m p -\- p 

Similarly, by putting 

4> = J. sinh my sinh m (2 + A) sin V 2 (wix — nt) , 
4)' = J. sinh wiy sinh m{z — h) sin \/2 (mx — nt), 

we should obtain 

jp=i-iL^-^cothmA. 

18. Standing Waves across a Rectangular (JlianneL 

We shall find that, by replacing the hyperbolic functions of y and z partly 
by circular functions in the above solutions for progressive waves along the 
channel, we shall be able to solve the motion of standing waves in which the 
crests are parallel to the axis of the canal or channel. For, if we put 

4> = J. (cos my cosh mz + cosh my cos mz) cos n^, 
or ^=. A (sin my sinh mz + sinh my sin mz) sin w/, 

expressions which are equivalent to those obtained by KirchofiF (Ueber stehende 
Schwingungen einer schweren Fliissigkeit, Gesammelte Abhandlungen, II, p. 
440), we shall satisfy the equation of continuity and the boundary conditions 

1 + 1 = 0, when .y + . = 0; 
and at the free surface z = A the condition 

Vol. IX. 
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for all values of y, leads to the equations 

»w?(cos my sinh mh — cosh my sin mh) = cos my cosh mh + cosh my cos wiA, 

giving ml sinh twA = cosh mh and — ttiZ sin wiA = cos iwA, 
or wiZ = coth mh = — cot mh , 

for the even vibrations, and 

ml (sin my cosh mA -f- si^^ ^y cos wA) = sin my sinh mA + sinh my sin twA , 

giving ml cosh twA = sinh mh and mZ cos mA = sin mA, 

or m/ = tanh mh = tan mh , 

for the odd vibrations. 

In these equations mh is the same as Kirchofif's jp, and, with the notation 
of the hyperbolic functions, KirchoflF 's period equations 

sinp 



sinh p = 



\/(C08 2p) 



C08|) 



and cosh»= ,, ^ , 

^ \/(co8 2p) 

correspond to our period equations 

coth^? = — cot^ 
and tanh p = tun p ; 

both being included in the single equation 

cos 2/> cosh 2/) = 1 , 

the period equation for the lateral vibrations of a free-free or clamped-clamped 
bar (Rayleigh, Sound, I, p. 219), 

In fact, the vibrations of the surface are of exactly the same character as 
those of a free-free bar of length 2A, the first value of ^ giving the even and 
the second the odd vibrations. 

Suppose the surface were covered with ice of thickness e and flexural rigidity 

L = Jo" ^^} then, at the surface 2 = A, 

and 3jj + gfp>7 + p ^ = 0. 

But ^=:_n«,7, ^ = mS7; 

SO that w*pe>7 = m^Lvi + fl^p>7 + P -^ > 



f , 
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or \p[g — n*e)+m.*L]y}= — f>^', 

andsince • f=i.^ = -»V. 



or since g ^ In*, 



\p{g — n*e) + m*L\^ — n»p4» ; 



and, therefore, as before, 

mil — e) H — =— = coth mh = — cot mli. 

^ ' rep 

or = tanh mh = tan mh , 

showing that the length of the equivalent simple pendulum is altered by 
m\L/n^p — e by the presence of the ice. 

Dropping for the present the factors A cos nt and J. sin n< , then 

^ = cos my cosh mz + cosh my cos mz , 
or 4) = sin my sinh mz + sinh my sin mz, 

and, therefore, the conjugate current functions are 

a// == sin my sinh mz — sinh my sin mz , 
or i// = — cos my cosh mz + cosh my cos mz ; 

so that ^ -f- ii// z= cos m{z + iy) + cosh m (z + iy) , 

or = i cos m{z-{- iy) — i cosh m{z -)r iy) • 

Denoting ^ + i^hy w, and z + *y by w, then 

t(? =: cos mu + cos imu , 
or w=^i cos mw — t cos imw , 

gives the required motion in a rectangular channel. 

By transferring the axis of a; to the edge of the water on one bank, we 
obtain ^ = cos m{y — h) cosh m(z + h) + cosh m{y — h) cos m{z + h), 
or ^ = sin m{y — h) sinh m{z + h) + sinh m{y — h) sin m{z + h)] 

and these are the co-ordinates employed by KirchoflF. 

When h is made indefinitely great, these expressions may be replaced by 

(omitting constant factors, and remembering that the axis of z is drawn vertically 

ujnjoards), 

^ = 6"" (cos my — sin my) + e""^^ (cos mz — sin mz) , 

and then, when z = , ? 34> ^ 

if ml=lj 
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giving Eirchoff 's solution of standing waves parallel to a shore sloping at 46^ 
(Abhandlungen, II, p. 434). 

Returning to the original axes, the second value of ^ gives, when m is small, 
so that m*, . . . . may be neglected, 

^= 2myz} 

or, restoring the periodic factor, we may put 

^= 2myz sin 71^, 
and then l=ih] 
also, d^ 80 

^ 'dz 

so that 



-^ = ^ = 2my sin rrf; 



)7 = — 2 — // cos Tit J 
n "^ 




00 that the free surface of the liquid remains plane during this kind of wave 
motion. Also, oj/ = m (y* — s^) sin n< , 

00 that the liquid particles oscillate in rectangular hyperbolas (Eirchoff, Abhand- 
lungen, II, p. 436). 



19. SUmding Wavee across a Chxnand of 120^ 

Let us now attempt the solution of the corresponding waves in a canal the 
sides of which slope at angles of 30^ to the horizon, and are therefore inclined 
to each other at an angle of 1 20^ 
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First, we notice that we can begin wilii an algebraical solution by putting, 

as the simplest case, 

4> = J.<I> cos nf , 

where 4> = a* — 3y*« + A*, 

and the corresponding stream function 

V = Zy^— y* 
= y(2\/3 — y)(z\/3 + y), 

which vanishes when y^=^±LZ\/Z, showing that the boundary conditions are 
satisfied, and also, 

Then, at the free surface z'=-h^ 



so that 






^ 



= *, 



and, therefore, Z = A . 

The free surface is now a parabolic cylinder, for 



dt 



SA 



>7 = — (A»— y»)sinn<. 




For waves of a higher order, let us attempt the solution by putting 

w = cos mu + cos m^u + cos ni/3*w, 
where w=jj + iy, 

and /3' = — 1, /?=- - YiV3, |3» = - -|---,^ «V3. 
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Then, at the boundary y = av^3, 
w = cos (1 + iV3) ma; + cos -y (1 — tV3) (1 + iV3) mz + cos -s* (1 + iV3)'ma 

= cos (1 + tV3) mz + cos 2mz + cos ( — 1 + iV3) 2, 

a real quantity, so that ? = . 

Again, at the boundary y = — 2^/3 , w is real and 1// = 0. These conditions 
will also be satisfied by putting 

w = sin mu — sin m^u + sin m^u, 

so that generally we can put 

w=:Binm{u — a) — sin m {^u + a) + sin m {^u — a) ; 
so that, since 

^u + a = y (yV3 + 2+2a) + ^t(y-2V3), 

^ti — a = ^ (y V3 — z—2a) — ^i{y + 2^3), 

4> = sin wi (2 — a) cosh my — sin ^771 (y V3 + 2 + 2a) cosh -^^{y — 2^3) 

+ sin-^m (y V3 — 2 — 2a) cosh -^m{y + 2^3) , 
^ == cos m (2 — a) sinh my — cos -^ m (y V3 + 2 + 2a) sinh "o" ^ (y — 2\/3) 

— cos 2" ^ (y v^3 — 2 — 2a) sinh "o" m (y + 2^3) . 

Putting y = 2^3, 

qj = cos m (2 — a) sinh 1112^3 — cos wi (2 — a) sinh mz\/S = , 

and putting y = — 2\/ 3 , 

? = — cos m(z — a) sinh mz^/S — cos tn ( — 2 + a) sinh ( — m2\/3) = 0, 

so that the boundary conditions are satisfied. 

Expanded in ascending powers of {z + ix)j we shall find 

t<7 = — 3 sin a — -o" m' (2 -|- ixY cos a + . . . . , 

so that when m is small, and m\ . . . . can be neglected, we obtain the previous 
algebraical solution. 

At the free surface 2 = A we must have 
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for all values of y ; and, therefore, since we may write 
4> = sin m (2 — a) cosh my 

— 2 sin -g- m (2 + 2a) cosh -^ mz\/S cosh -^ my cos -^ my^/S 

+ 2 cos -y m (2 + 2a) sinh -x- mz^^S sinh -y wiv sin -^ my^/S, 
l~ :=! ml cos m(z — a) cosh my 

— mllcoB-^ m{z + 2a) cosh -^ mzs/3 + V3 sin -^ m{z+ 2a) 

sinh -y mz^/S [ cosh -2" wiy cos -o- my^/S 

+ ml \ — sin -^ m {z + 2a) sinh -g- mz\/S + V3 cos -y w (2 + 2a) 

cosh -^ rw2 V 3 [ sinh -^ my sin -^- wz V 3 ; 

therefore, at the free surface 2 = A, 

ml cos m (A — a) = sin m{h — a) , (I) 

ml \coa-^m{h+ 2a) cosh -^ mh^Z + ^/3 sin -^ m{h-\- 2a) sinh -^ mhA/S I 
= 2 sin -2" wi (A + 2a) cosh -^ mhA/S, (II) 

mil — ^n-^m{h+ 2a) sinh -y inAVS+VS cos-^- w(A+2a) cosh-^^ 7wAV3[ 

1 1 

= 2 cos -g- w (A + 2a) sinh -^ mhy/Zj (III) 

three equations for determining mh, a and ?. 
From (II) and (III), eliminating ml, 

cos* "2 w (A + 2a) sinh mh\/S + V3 sin m (A + 2a) sinh* -^^ mh^/i 

= — sin* -g" ^ (^ + 2a) sinh m/iA/S -|- V3 sin in (A + 2a) cosh* -^ mh^/Z] 
or, sinh mh\^S = V3 sin w (A + 2a). (IV) 

Also, from (II) and (III), 

J ml cosh -^ mh/s/ 3 

tan -K m{h + 2a) = 



2 cosh 2" mh^/S — mWZ sinh ^ mh\/Z 
ml\/S cosh ^ mh\/S — 2 sinh -^ mJi^/S 

ml sinh -^ mh^s^S 
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80 that 



y m^l^ sinh mh^Z = 2rwZ^/3 ( cosh* -^^ mA V 3 + sinh*-^" wA\/3 j 



3 

2" ^''^ ®*^^ mhs/Z — 2 sinh mh^/3 ; 

or, ^' "^ ^ =V3 coth mhs/3 . (V) 

From (I), ml = tan m (A — a) , 

so that 

ml A r = 2 cosec 2in (A — a) ; 

ml \ / 7 

2 
or, sin 2m {h — a) = -y^ tanh mh V3 . (VI) 

From (IV) and (VI), 

sin mJi cos 2ma + cos mh sin 2ma = —7-= sinh mJt \/3 , 

V o 
2 
sin 2mh cos 29iia — cos 2mh sin 2ma = —tk tanh mA V3 ; 

and, therefore, 

V3 sin 3mA cos 2ma = sinh wiA V 3 Tcos 2mA H , ^. j , 

>v/3 sin 3mA sin 2ma = sinh mA \/3 (sin 2mA r — 7 — 77; ] . 

\ ooeh tiiA \/3/ 

Squaring and adding, to eliminate a, 

38in'37iiA __4co83fnA, 4 

sinh'fTiAVS ""• ooshmAVS oosI?mSV3 ' 

or, denoting cos 3mA by a, and cosh mA \/3 by /?, 

1 — a' a 4 

reducing to 

^* + 4a|3» + 3a»|3» — 4a/3 — 4 = , 

or ((3»+2a/3)»=(a|3 + 2)», 

aothat /3» + ai3=2, 

or /3» + 3a/?= — 2; 

a=-|3+2//3, 
or 3o= — /?— 2//3; 

cos 3«iA = — cosh mh v^S + 2 sech mh a/S , 
or 3 cos Zmh = — cosh mh */S — 2 sech mh »/Z , 

the period equations. 



Grbenhill: Wave Motion in Hydrodynamics. 97 

Having found a value of mh from these equations, then a and ml are 
determined. 

On examination, however, the second of these period equations will be 
found to have no real roots, while the only real roots of the first equation will be 
found to be given by mh = , repeated six times, giving the previous algebra- 
ical solution ; this is seen by investigating the intersections of the curves 
y=zcot2;\/3 and 2 = — cosh a; + 2sech»,or y = 3cosx\/3 and 2 = — cosh x — 2 
sech X, where x = mh\/S. 

If, however, we put 

w = sinh m(u — a) — sinh 7W {(3u + a) + sinh m {^u — a) , 
then 

4> = sinh 7n {z — a) cos my — sinh -^ m (.y V3 + 2 + 2a) cos -^ m{y — 2^3) 

-|- sinh -^ m (y\/3 — z — 2a) cos -«" wi (y -|- 2\/3) ; 
? = — cosh m{z — a) sin my + cosh -^ m (y\/3 + z+ 2a) sin -q" ^ (y — 2^3) 

+ cosh -g" ^ (yv^3 — z — 2a) sin -k^ m{y + z^^3) ; 

so that V = 0, when y=z±z z^/3, and the boundary conditions are satisfied. 
Then, exactly as before, from the free surface condition 

^ dz ^' 

when 2 = A, for all values of y , we shall find 

ml = tanh m{h — a) , (I) 

sin mh\/S = ^/3 sinh m (A -|- 2a) , (IV) 

ml -, = — V3 cot mh \/3 , (V) 

2 
sinh 2m {h — a) = -j-k tan mhs/S, (VI) 

^/3 sinh 3mA cosh 27na = sinh mh\/S (cosh 2mh -\ r — j^\ 

\ cos mA js/^y 

\/3 sinh 3mA sinh 2ma = sinh mh \/3 (sinh 2mA z — 7^ ) , 

\ cos wiA v3/ 

whence, eliminating a by squaring and subtracting, we obtain the period 
equation 

38inh'3fnA / , ^ t . 2co8hwiAV / . i_ « x 28inhfnAV 

-— - — - — — = ( cosh 2mA H r — — ) — ( smh 2mA z—;^ ) 

8inh*fiiA^3 \ co8fnAV3/ \ cosmA^3/ 

. 4 cosh 3 mA . 4 

— ~ \ -L. -X. • 

coswiAV^ cos'mA>v/3 ' 

Vol. IX. 
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equivalent to 

cosh Zmh = — COB mh V3 + 2 sec vih \/3 , 

or 3 cosh 3mA = — cos mh V3 — 2 sec mh V3 , 

the new period equations, which by inspection have an infinite number of real 
roots. 

Transfer the axis of x to the edge of the water on one bank, and expand w 
in descending powers of e^, retaining only the leading terms, supposing h is 
made infinite; we shall thus obtain Kirchoif's expression for the motion of 
standing waves on a shore sloping at 30° to the horizon (Gesammelte Abhand- 
lungen, II, p. 434). 

To do this we must begin by writing y — AV3 for y, and 25 -|- A for 2; and 

then ^ = sinh m (z + A — a) cos m{y — h V3) 

— sinh -^ m {yV^ + 2 — 2A + 2a) cos -i- m (y — zV3 — 2h V3) 

+ sinh ^^ (y V3 — z — 4A — 2a) coa -^ m(j/ + 2^/3). 

Now, when h is indefinitely great, the period equation gives sec mh^/S = 00 , 
cos 7nh \/3 = ; so that 

4> = sinh m{z'\' h — a) sin my 
— sinh -—m{y V3 + 2 — 2h+ 2a) sin -^ m (y — 2 \/3) 

+ sinh -o-^(yV3 — 2 — 4h — 2a) cos -^m{y + z V^3). 
Also, when A = 00 , tw? = 1 , and therefore tanh m{h — a) = 1 , so that 
cosh m{h — a) = sinh m{h — a) = -o- exp m{h — a) ^ G, suppose ; 

and, therefore, retaining the leading terms, 

4> = Be^' sin my 

— 5e-*-^>'»+'^ sin -i- 7n (y — 2 ^/3) 

+ 25c-— <*+»*^c-*-(«'''«-'>cos -1- m(y + 2\/3). 

But from equation (IV) 

sin mh \/3 = 1 = \/3 sinh m{h+ 2a) = v^3 exp m{h+ 2a), 
so that we may replace 
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and then the value of <I> agrees with that given by Kirchoff, changing the sign of 
z, as our axis of z is drawn vertically upwards. 

Then * = — B^ cos my + 5e-*"'>'»'»+" cos -^ m (y — 2 V3) 

-I- B Vae-*""'""^-" sin -i- »» iv + « V3) ; 
80 that 

<l)-f i^ = 5expr?wz — ~2^^ "I" -^'V^3exp(m/3w — i7i) + -Sexp fmfi^u o"*^)* 

To verify that in this case, where 2 = 0, 

it is convenient to notice that -^r- ^ ,,— ; so that 

az oy 



39 



= m<I>, 



where 2=0; and we may put 2^0 before differentiating with respect to y, 
which simplifies the work. 

20. Progressive Waves in a Ghanael of 1 20®. 

Just as from Kelland's solution for progressive waves in a channel of 90® 
we obtained the solution for standing waves across the channel by replacing the 
hyperbolic functions partially by circular functions, so, conversely, from the 
above solution for standing waves across a channel of 120®, we shall obtain the 
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m 

solution for progressive waves by replacing the circular functions by the corre- 
sponding hyperbolic functions. Then, for progressive waves, we can put 

4» = A^ cos V 2 {mx — nt) , 
where 

^ = sinh m{z — a) cosh my — sinh -^ m (y\/3 + z+ 2a) cosh -n" w (y — 2\/3) 

+ sinh -y m (y\/3 — z — 2a) cosh "o" ^w (y + z\/3) , 
and then ^-^ + ,^^ = 24> ; 

so that ^ J- ^ . ^ = 0- 

so that the equation of continuity is satisfied. 
We shall also find that when 

(I) , = .V3,|=^3^, 

when 

(II) ,= -.V3,| = -V3f; 

so that the boundary conditions are satisfied. 

To satisfy the free surface conditions, it is convenient to express ^ in the 
equivalent form 

^ =: sinh m {z — a) cosh my — sinh -y m { (^/3 + 1) y + 2a } cosh -^ m ( V3 — 1) y 

-|- sinh^ m{(V3 — 1)2 — 2a} cosh ^m(V3 + l)y; 
and then the free surface conditions that 

where z^^hj for all values of y, is satisfied if 

ml = tanh m {h — a) 

= (V3 + 1) tanh ~ 7?i](>v/3— 1)^— 2a} 

= (^/3 — 1) tanh -y?n 1(^/3+ l)A+ 2a}; 
or, putting m{h — a) = y , 

inZ=tanAy = (^/3 + 1) tanhjy ^{S—^/a)mh\ 

= {^/^ — 1) tanh|Y(3 + ^/3)mh — y\ . 



2 
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From these conditions we find that 

2 coth y = coth -^ (3 — ^/Z) mh + coth -g (3 + \/3) mh, 
or tanh y is an harmonic mean between 

tanh -g- (3 — V3) mh and tanh -g- (3 + V3) wiA, 
and by elimination of y we obtain the period equation 
jcoth -^ (3— >v/3)w;i+coth 1- (3+^/3)w7^| 

+ V3{cotyi-(3—V3)Wi — coth* -1(3+^3) mA| = 4, 

equivalent to 

(2— V3)co8h(3^-^/ 3) 7w7i + (2-1- V3)cosh(3—V3)mA — cosh(2wAV 3) — 3 = 0. 

But on investigation it will be found that the only real root of this equation 
in mh is mh = 0, repeated four times, so that progressive waves of this type in a 
channel of 120° are unstable. 

To represent such an unstable state of wave motion, let us change all the 
hyperbolic functions in 4> into the corresponding circular functions, and put 

^ = <t> cosh V 2 {mx — nt) , 
in order that the equation of continuity may be satisfied. 

Then we have 

^ = sinm (sj — a) cos my — sin -^ m (y V3 + z+ 2a) cos -^ m (y — 2^3) 

-f sin -g m{y^^3— z— 2a) cos— m{y + zVS)i 

so that ^ + ^ = _ 20. 

Then we shall find 

(I) where .y=zV3,|^=V3g; 

(II) where y = _ ^^3, ^ = - V3 ^ ; 

so that the boundary conditions are satisfied. 

Also, the conditions at the free surface z = h are satisfied if 

ml = tan m{h — a) 

= (^/3-|- l)tiin^m\ (^/3— l)A— 2a} 
= (V3-l)tan A-»n{(V3-|-l)A + a}; 
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or, ml = tan y 

= (V3 + 1) tan |y — -1^ (3 — V3) mAJ 

= (V3 — l)tan{l (3 + V3)wA— y|. 

if we write 4> in the form 

<1> = sin m {z — a) cos nif/ 

+ sin "2 m \ (V3 — 1) z — 2a;' cos -^ wi {^/S + 1) // 

— sin -|- m { (V3+l)z+ 2a|cos -i- w(V3 — l)y. 

As before, we shall find that tan ^ is an harmonic mean between 

tan 2" (3 — V3) mh and tan -^ (3 + V3) mh , 

and that the period equation is 

V3 {cot* -^ (3 — V3) mh — cot* -^ (^ + ^^) ^1 

_ {cot ~(3 — \/3)wiA+cot ^(3 + V3)wiA| =4, 

or 

(2 — V3)cos(3 + V3)mA + (2+ 'v/3)cos(3 — V3)mA— cos(2wlA^/3) — 3 = 0, 

an equation with an infinite number of real roots. 

This last value of 4> will be useful in attempting to investigate the bore or 
tidal vxive in a river. 

21. General Wave Motion acrofts a Channel tcith Plane Si€le4i Sloping at Any Angle. 

Putting, as before, 

u = 2 + ty =: r (cos ^ + 1 sin ^), and ti? = 4> + ti//, 

and supposing the sides to slope equally at an angle a = 7t/2n to the horizon, 
let us attempt the general solution by putting 
w= PoC08{u + a^) + Pi cos {p^ + aO 

+ P, cos(^ + a,) + . . . . + P,«-i C08(i8i— ^+ a^^i), 
where ^" = — 1, so that i3 = «**, jff» = t. 

Then we must determine the P's and a's, so as to satisfy the boundary con- 
ditions that i// = or ti7 is real at the sides ^ = d: (n — 1) a. The form will be 
different according as n is odd or even. 
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A. When n is odd, we must have the P's all real, and 

Pq =iP^^=, P^ =.... = jA, suppose ; 
Pi =JP8= A =.... = 5, suppose ; 

also, 00= — a,=a4 = — ae=. . . . = y, a real quantity; 

tti = — as = a5 = — a7 = . . . . = iS , an imaginary. 
Hence 

ti7 = J. {cos (t^ + y) + cos {^^u — y) + cos (^*w + y) + . • • . } 
+ -BJcos (/3w + t5) + cos (/3»w — ih) + cos (/?* w+ i5) + f 5 

or, as it may be written, 

w = -4. {cos(ti + y) + cos (/3*M — y) + cos (/3*w + y) + • • • •} 
+ J?{cosh(w + 5) + cosh(^i^ — 5) + cosh(^^w + 5)+ }, 

involving, however, only three disposable constants, A/B^ y and 5. 

When n = 3 , this agrees with the expressions previously obtained, and the 
three equations of condition at the free surface gave the period equation for 
tfiA, the equation for ?, and the equation for y or S, with JL or -B alternately 
zero. 

But if we attempt to satisfy the conditions at the free surface with 
n= 5, 7, . . . . , we shall have more equations to satisfy than the disposable 
constants wiA, ml, A/B, y and 5, so that the free surface conditions cannot be 
satisfied. 

Separating w into its real and imaginary parts, we find 

4> = -4. cos (z + y) cosh y '\' B cosh {z + 5) cos y 
+ A cot {z cos 2a — y sin 2a — y) cosh (z sin 2a + y cos 2a) 
+ B cosh {z cos 2a — y sin 2a — 5) cos (z sin 2a + y cos 2a) ; 

i// = — JL sin (z + y) sii^h y + B sinh (z + 5) sin y 

— A sin (z cos 2a — y sin 2a — y) sinh (z sin 2a + y cos 2a) 
-|- B sinh (z cos 2a — y sin 2a — 5) sin (z sin 2a + y cos 2a). 

B. When n is even, the boundary conditions lead to 

jPq =: JP4 = JPg ^ . . . . =: ^ -f" iB , 

/f ^^ Jr 5 ^^ Jr 10 ^^ . • • • ^ A. — iJj J 
"l ^ X'^5 ^ X9 = . . . . =^ G , 
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and all the a's must vanish. Then 

w=:{A + iB){co& u + cos (3^u + cos /SH* +••••) 

+ (ii — t5)(cos ^t£ + cos /S^u + cos /3"w + ) 

+ C(co8 /3u + cos li^u -|- cos ^u +....) 
+ Z)(cos /3't/ + cos ^u + cos /3"w +....), 

involving three arbitrary constants, the ratios of A, B, (7, D, so that we have 
not enough disposable constants to satisfy the free surfisu^ conditions for an even 
number greater than 2. 

We may suppose the sides of the channel to slope to the horizon at any 
angles which are the same or different multiples of an n^ part of a right angle, 
and determine the P's and a's from the above general expression for w ; thus, 
for a channel the sides of which slope at 60^ to the horizon we shall find 

w:= A {cos {u + iy) + cos {^u — ty) + cos (^u + iy)\ 
+ -Bjcosh {u + ih) + cosh {^u — ih) + cosh {^i + iS)\, 

where /3* = — 1 ; but in this, as in the other cases, the free surface conditions 
cannot be satisfied. 

Again, if one side slopes at 30^ and the other at 60°, we shall find 

w = {A + iB) cos w + Ecos pu + {A — %B) cob^u 
+ {C+ iD) cos^u + Fcoa^^ + {G — iD) cos /3»u. 

For, if ^ = 2a, where a = -g- 7t, then u = r^, and 

w={A + iB) cosr^ + ^cos r^ +{A — iB) cos r(i^ 
+ {C+iD)co8r^ + Fco8r^ + {C— iD) cos r^, 

which is real, since ^ and — P\ (3^ and ^ are conjugate imaginaries. 
Again, if ^ = — a, w = r^~\ and 

w=z{A + iB) cos r^^ + Eeosr+ {A — iB)cosr(i 
+ {0+ iD) QOBr^ + Ecosr^ + {G— iD) cos r^ , 

which also is real, and therefore i// = . 

22. Waves against a Uniformly Sloping Shore. 

Let us attempt in a similar manner to determine Kirchoff's general expres- 
sions for wave motion against a beach sloping uniformly at an angle a to the 
horizon (G^sammelte Abhandlungen, p. 431). 



Grbenhill: Wave Motion in Hydrodynamics. 



106 




Suppose, now, that the axis of z is drawn vertically downwards, and let 

u=:y + iz=:r (cos 3 + i sin 3) , 

so that ^ = a at the surface of the shore. 
If we put 

p = »n — 1 

w = q> + ii= ^^^P expi(/?^t^ + ap), 

where a = n/2n, then we must have -^=0, and therefore w real, when 3 = 
and consequently u^rfi, where ^ = — 1 , ^* = i. Then 

w = 2P^ exp i(ri3^+^ + a,) 
= 2Ppexp(r/?'^+''+^ + ia,), 

and for this to be real, we must have P»^_i = 0, and 

Po and Pw% conjugate imaginaries, as also ia^ and ux^^t, 

S -» Jn-4 *^ *<*jn— 4» 



a, 



P,»_i is real, and also ia^-i. 

We may then write Pq exp icxo and P,H-t exp ia,,»«, in the form A^ exp iy© 
and A^ exp ( — iyo) without loss of generality, and similar expressions for 
Pi exp ioi, . . . . , and replace Pn-i exp ia^^i by ul^-i , so that now 

to = / iiy [exp \ — r sin (0 + i>a) + ^ cos (^ + |xi) + iy^ ] 

+ exp { — rsin(3 + 2n — p — 2. a) + iVcos(3 + 2n — p — 2. a) — ty^}] 
+ ul^^iCxp { — r8in(^+n — l.a) -|- ir cos(^ + n — l.a)} , 

Vol. IX. 
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giving 4» and i//, satisfying the equation of continuity, and satisfying the boundary 
condition that i// = and w therefore real when ^ = a = 7«/2n . 
At the free surface 3 = we must have 

for all values of r. 

But d^ _ _d^ 

so that we must have ,3^ 

for all values of r at the free surface ^ = ; and we may put ^ =: in 4» and '^ 
before diflFerentiation, which simplifies the calculations considerably. 
Now, putting 3 = 0, 

4> = / Aj, { exp ( — r sin^) cos (r cos^ + y^) 

p = 

+ exp ( — r %mp + 2 .a) cos (r cos /> + 2 .a + yp) } 
+ il„-i exp ( — r sin n — 1 .a) cos (r cos n — 1 .a) , 
•4^ = liAj, \ exp ( — r sin^) sin (r cos j>a + Yp) 

— exp ( — r Binp + 2. a) sin (r cos^ + 2. a + yj,)f 
+ jA,»-i exp ( — r sin n — 1 .a) sin (r cos n — 1 .a), 

-^ = 2-4p { exp ( — r sin pa) cos (r cos^ + i^ + /p) 

— exp( — r sin^ + 2. a) cos(r C08^+ 2.a+^ + 2.a + yp)} 
+ J.^»iexp( — r sinn — l.a) cos (r cos n — l.a + n — I. a). 

Equating coefficients in ^ and ^of exp( — r sin^), we have 

Jo cos (r + ye) 
= Jocos(r + yo), 

^1 cos (r cos a + yi) 
= iij cos (r cos a + a + yi) , 

Jg cos (r cos 2a + y,) + -4^ cos (r cos 2a + y©) 
= -4, cos (r cos 2a + 2a + yi) — A^c:ob{t co% 2a + 2a + y©) , 

-^3 cos (r cos 3a + yj) + -4.1 cos (r cos 3a + yO 
= ^8 cos (r cos 3a + 3a + yj) — -i-i cos (r cos 3a + 3a + yi), 

-^4 cos (r cos 4a + y4) + jd| cos (r cos 4a + y,) 
= J4COs(r cos4a + 4a + y4) — J^cos(r cos 4a + 4a + y,), 
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iln-i cos (r cos n — 1 . a) + il„-s cos (r cos n — 1 .a + yn-j) 
= -4.^-1 cos (r cos n — 1 .a + n — 1 .a) — A»~8 cos (r cos n — 1 .a +n — 1 .a + yn-s)i 

iln-jcosy^.s 
= — ^-f cos (na + y«-2) 

The first equation is satisfied identically, and the second is satisfied by 
Jjz=o, which makes all the odd ^'s vanish, and then the even A^s are deter- 
mined by 

-4, sin (r cos 2a + a + yi) sin a = Aq sin fr cos 2a + a + yo — ~2~ ^) ^^® ^' 
ul4sin (r cos 4a + 2a +74) sin 2a= ^j sin Tr cos 4a + 2a + y2 — -^^J^^ ^a, 

giving Al^ sin a = ^0 cos a , 

jd4 sin 2a = ^ cos 2a , 



and y8=yo— -2"^» 

1 
^4 = ya — Y 7t = yo — ^• 

The form of the result is diflFerent according as n is odd or even. 

A. If n is odd = 2m + 1 , then the final equations are 

Af^ cos (r cos 2ma) + A^^^ cos (r cos 2ma + yj^- j ) 

= A^ cos (r cos 2ma + 2rwa) — -4,^_, cos (r cos 2ma + 2ma + yam-j) 5 
or, 

A^ sin(r cos 2ma+7wa) sin ma=^A^^^ sinf^r cos 2ma+ma+y,,n-t — g-^Jcos ma, 

giving A^tn sin ma = ^sm-a cos ma, 

and _ 1 

also, ^n-2= ^«m-l=0- 

Then y2m-4=^, 

_ 3 

y2fn-8= 27t_J .... 



B. If n is even, = 2m, then ^^-2 does not vanish; so that tany,. _2== i» 
y^_2 = "X ^' whence the other values of y are determined. 
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Suppose, for instance, n = 4 ; then a = -x- n, and 

1 3 

y» = -4 ^1 yo=-2"^' 

also, -4, = iio cot a = ^0 (V 2 + l)f 

agreeing with KirchofF's results. 

Again, suppose n = 5 , a = -r^ n; 

then y,= — 7«, yo=^; 

also, J^ = ulfCota, 

A^ = ^2 cot 2a = ilo cot a cot 2a . 

For w=2, yo=:f ^, 

and for n=3, y^zn — n, ul, = iio cotass-i^VS, 

agreeing with the results given by Kirchoff (G^sammelte Abhandlungen, p. 434). 

23. Algebraical Sclvtion of Waves against a Sloping Beach. 

We can satisfy the equation of continuity and the boundary condition that 
i// = when ^ = a = n/2n by putting 

i// + i^ = r* (cos n^ + * siii ^) 

+ i4iar*-^|cos(»— 1.^ + a) + i sin (n — 1.^ + a)}, 

+ il,a»r— *{cos(»— 2.3+2a) + tsin(n— 2.^+ 2a)}, 

+ 

+ A^a"^ (cos na + * siu na) , 
equivalent to 

i|/ + i<^ = ti»+ ^ia/3w'*-*+ ^a^iS'w'*-* + , 

an algebraical function of 

i^ = y + 12 = r (cos ^ + i sin ^); 

and then i// = when ^ = a, since na = -2"^- 

Put 4^ = ^* cos n3 — -iiar*-^ cos(n — 1 .^ + a) 

+ jl,aV-« cos(n — 2.^ + 2a) — ^go^r*-' cos(n — 3 .^ + 3a) 

and then at the free surface 3 = we shall have 
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for all values of r, if 



Ai sin a = n , 
-4, sin 2a = (n 
-^3 sin 3a = (n 



1) ill cos a, 

2) Af^ cos 2a , 



A^ sin na = A»-i cos (n — 1) a ; 
n equations for determining Ai, A2, A^, . . . . A^. 

Here the motion increases indefinitely with y and z, so we must seek to 
determine possible boundaries to limit the motion, and to contain the liquid in 
a finite cylinder. 

Suppose, for instance, n = 3 ; then for a = -^ 71, 

ill =6, A^=12, A^=6] 

so that a// + id> = (r*^ ?^-^ + const., 

^ \ sin a/ 

and with a new origin 

a// + i^ = i^' + const, 

the algebraical motion previously investigated in a channel of 1 20°. 
Again, suppose n = 4 , a = -x- n ; then 

ilisina=4, J., sin 2a = 3ili cos a , ils sin 3a = 2il2 cos 2a , ^.4 = ^.3 cos 3a , 

giving 

ili = 4co8eca, il^ = 6 cosec* a , ilj =: 24 cosec a , ^14= 24; 

so that 

I ^ A^ 1^ A ^«»(3* + «) o , , COS (2<> + 2a) . ^^ . cos(<> + 3a) 

'4/ = 9^ cos 43 + 4ai^ — -. — - — - = 6aV — ^-^ + 24aV — ^-^ , 

BID a 8wr a sm a 

one factor of which must be r cos (3 + 3a) , and the other factor equated to zero 
will give the equation of a curve which can be used to limit the motion, which 
therefore takes place across a cylinder, the section of which is as in the figure. 
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24. Wave Motion i?i a Cone. 

If we put ^ = 2r* sin n^ , 

employing the cylindrical co-ordinates r, ^, z, then the equation of continuity 

is satisfied ; also, at the free surface z = A , 

SO that the length of the equivalent simple pendulum of the wave motion is h. 

We must now seek to determine the shape of a vessel which will contain 
liquid having the above given motion. 

Supposing the vessel is of revolution, then along a meridian section, the 

axis being vertical, 

dz dr 

dz dr 
dz dr 

' r* 8inn<9 nr^^^ sin n^? ' 

or, nzdz = rd/r ; 

so that nsfz=i7^'\' const 

is the equation of a meridian section, which is therefore in general a hyperbola, 
except when the constant is zero, when it degenerates into two straight lines^ 

The vessel is therefore a hyperboloid of revolution, including a cone of 
vertical angle 2 tan^^v'w as a particular case. 

If w= 1, ^ = yz, 

the same as for the algebraical motion across a channel of 90^. 

The stream lines are rectangular hyperbolas, so that the boundary may be 

supposed a horizontal cylinder on a vertical cone of which the vertical sections 

are rectangular hyperbolas. 

If n= 2, ^ = xyz, 

and the vertical angle of the cone is 2 tan"^V2- 

The differential equations of the stream lines are now 

• xdx = ydy = zdz , 

so that we may suppose the containing vessel, in its most general form, a hyper- 
boloid whose equation is 

Gwc? + fty* + C2;* = constant, 
subject to the condition a + & + c = . 
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Generally, for any value of n, we may suppose vertical meridian plane 

diaphragms, given in position by 

cos n3 = , 

to be introduced without disturbing the motion. 

Also, since ^Z = , this kind of wave motion will be unaffei^ted by any 
capillarity of the free surface. 

25. Wave Motion in a Cylinder. 

In seeking the particular solutions of the above equation of continuity in 
cylindrical co-ordinates, if we assume that ^ has a factor sin n3, so tiiat the 
wave motion may be limited by vertical meridian diaphragms, given by 
cosn^ = 0, then 

and if we further assume that ^ has a factor cosh (kz + /?) , the other factor 
being a function of r only, then 

Bessel's differential equation ; so that we may put 

<^ = cosh {kz + j3) Jn (kr) sin n^ , 
as a type of the particular solutions of the equation of continuity. 

^ A single term of this nature is appropriate for determining wave motion 
inside a vertical circular cylinder. 

Since ^ = at the base, 2 = 0, therefore /3 == ; also, at the free surface, 

cz 

or AZ = coth kh ; 

add k is determined from the condition that at the cylindrical boundary r = a , 

-^=0, or Ji{ka) = 0. 

This kind of wave motion in a cylinder has been completely investigated 
by Lord Rayleigh. 

When n = i + -o" ) where i denotes an integer, then the corresponding Bes- 
sel's function is an algebraical and trigonometrical function of r, so that we can 
obtain a corresponding solution for wave motion in the space bounded by the 

cylinder and two diametral planes inclined at an angle 2n/{2i + 1); e. g. 
2 2 



3 7t, g 7t, 



. • • 
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LECTURE XVII. 



The fundamental reciprocants for extent 3, given in the last lecture, agree 
with the irreducible invariants of a binary cubic both in number and type, with 
the single exception that the degree of the cubic discriminant is lower by unity 
than that of the reciprocant corresponding to it. When the extent is raised to 
4, both the discriminant and its analogue cease to rank among the irreducible 
forms, the former being expressible as a rational integral function of invariants 
of lower degree, and the latter as a similar function of reciprocants. But the 
increase of extent introduces three additional reciprocants whose leading terms 
are a*e, a^ce and aW, whereas the additional invariants are only two in number 
and begin with ae and ace respectively. 

The irreducible reciprocants of extent 4 are as follows : 

dog. wt. 
1.0 a, 

2.2 4if =4ac— 56*, 

3.3 A =a^d — Sabc + 26^ 

3.4 P4 = 60a^e—n5abd + 28ac* + 1056«c,* 

4.6 {a*ce) = SOOa^ce — lOOOab^e — S75a^d^ + 2450abcd — 134400^— 356V, 
5.8 (aV) = 625aV— 4375a*6de — 49700aV6 + 12S625ah^ce — 7S760b^e 

+ 55125a*c(?— 61250a6*c?— 156800a6c*d + lSS750b^cd 

+ 84868ac* — 1021656V. 

*P4 18 the protomorph of minimum degree; the other protomorph, B, which will be used when we 
treat of Principiants, is, when expressed in terms of the irreducible forms, 



B = l(aP,-128Jlf»). 



TOL. IX. 
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The similar list of invariants for the quartic is 

deg. wt 
1.0 a, 

2.2 ac —h\ 

3.3 a^d— Sabc + 26', 

2.4 ae —4bd+ 3c*, 

3.6 ace — Ve — ad^+ 2hcd — (?. 

To obtain the fundamental forms of extent 4 we have to combine if, A and 
the Quasi-Discriminant 

(aW) = 125a«c? — IbOa^hcd + hOOaVd + 256aV + 165a6V — 3006^c 

with the additional Protomorph 

P4 = 50a*e — nbabd + 28ac» + 1056*c 

in such a manner that the combination contains a factor a. The removal of this 
factor gives rise to a form of lower degree, and the process is repeated as often 
as possible. 

Calling that portion of any form which does not contain a its residue, the 
residue of 4M is — 66*, that of (a'(?) being — 3006*c, and that of P4 being 
1056«c. Thus \&MP^— 7 (a*(?) 

contains the factor a, and leads to {a^ce) of the type 6; 4, 4, which is the 

analogue to the Oatalecticant 

a h c ' 

h c d 

c d e 

The form (a^d^) now ceases to be a groundform (= irreducible form) and is 
replaced by the Quasi-Catalecticant {ah*e), for 

(a'c?) = ^ MP, - 4 ^ («'^) • 

Similarly, the Cubic Discriminant, a groundform qua the letters a, 6, c, d, 
becomes reducible when a new letter, a, is introduced, and is then replaced by the 
Catalecticant 

We now come to an extra form which has no analogue in invariants. The 
residue of the Quasi-Catalecticant (a^ce) is — 356*0*, and consequently 

Pl—252M{a^ce) 

divides by a numerical multiple of a (as it happens by 4a) and yields the form 
(aV), whose type is 8 ; 5, 4. 
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Here the deduction of new fundamental forms comes to an end on account 
of the appearance of e in the residue of (aV). It would have ended sooner 
but for the apparently accidental non-appearance of the term hhl (of the same 
type 6; 4, 4 as 6V) in the residue of {d^ce). Had this term appeared, no combi- 
nation could have been made leading to a new groundform after {a^ce) . We are 
able to show from h priori considerations that it cannot exist. 

For the arguments in the annihilator F, up to 3^ inclusive, are 

a^di,j abdej (^dt ^*3d» add^j and bcd^. 

If, now, the term (ib^d were to form part of a Pure Reciprocant, b^d^ oper- 
ating upon it would give (ib^ ; but every other portion of the operator would 
necessarily give terms containing one or other of the letters a, c. Since such 
terms cannot destroy ^6^ we must have fib^ = . Hence the term in question 
is necessarily non-existent. 

The method of combining the protomorphs which we have followed shows 
that the fundamental reciprocants of extent 4 are connected inter se by the two 
relations or syzygies 

7 {2b6M^ + 1 25^*) — 1 6aMP^ -f a* {ci^ce) = , 
P\ — 252if (a*ce) — 4a (aV) = . 

The invariants of the binary quartic are connected by only one syzygy, 
similar to the first of these ; the second has no analogue in the theory of Inva- 
riants. It has been shown that the irreducible reciprocants of extent 3 are 
connected by the syzygy 

2b6M^ + 1 25il* — a (a^cP) = . 

Substituting in this for the Quasi-Discriminant (a'cP) its value expressed in terms 
of the fundamental forms of extent 4, by means of the equation 

16MP, — 7 (a^(?) = a {a^ce) , 

we obtain the first of the above syzygies. By a precisely similar substitution, 
the syzygy connecting the invariants of the quartic is derived from the one 
which connects the invariants of the cubic. 

Every reciprocant of extent 4 is a rational integral function of the six 
fundamental forms given in the table ; and, by means of the syzygies, powers, 
but not products, of A and P4 can be removed from this function. For the first 
syzygy gives A^ and the second gives P5 as a rational integral function of the 
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four remaining forms a, if, {a^ce), and (aV). Hence every reciprocant of extent 
4 is of one or other of the forms 

where * does not contain either A or P4, but is a rational integral function of 
the other four fundamental forms. 

Let the four forms which appear in * occur raised to the powers x, >l, /£, r, 
respectively, in one of its terms. Since the degree- weights of these four forms 
are 1.0, 2.2, 4.6 and 5.8, 

any such term may be represented by 

a'' (aV)XaV)'*(aV)^ 

Thus the totality of the terms in ^ will be represented by 

Now, A, P4 and AP^^ have the degree- weights 

3.3, 3.4 and 6.7, 
and consequently the totality of terms in 

*, A^, P^^ and AP^^ 
{%. e. the totality of the pure reciprocants of extent 4) will be represented by 

(1 + aV + aV + aV) ^a*' (aV)XaV)'*(aV)'' 

— (1 _a)(l — aVXl — aV)(l — a'^a:^) ' 

Hence the number of Pure Reciprocants of the type w] t, 4 is the coeffi- 
cient of a*x^ in the expansion of a fraction whose numerator is 

l + aV + aV+aV, 
with the denominator 

(1 — a)(l — aV)(l — aV)(l — a'x') . 

This fraction is called the Representative Form of the Generating Function, in 
contradistinction to the Crude Form, which is a fraction with the numerator 

1 — w^x, 
having for its denominator 

(1 — a)(l — ax){l —aa?){l — ax^){l — ax^). 

The crude form expresses the fact that the number of pure reciprocants of the 
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type w] ij 

is [w] i, j) — {w—lii+l,j). 

Its numerator is 1 — ar^x for all extents; for the general case in which the 

extent iaj, its denominator consists of the/ + 1 factors 

(1 — a)(l — ax){l — aa?) (i—a^. 

The removal of the negative terms [corresponding to cases in which 
{w] t, j)<i{w — 1 ; i + 1 , y)] from the crude form would give either the repre- 
sentative form or one equivalent to it, according as the representative form is or 
is not in its lowest terms. In the parallel theory of Invariants the terms to be 
rejected are those for which ij — 2it?<;0; but we do not at present know of any 
similar criterion for reciprocants, and are thus unable to pass directly from the 

crude to the representative form of their generating function. 

• 

Knowing both the crude and the representative form for reciprocants of 
extent 4, we may verify that the diflference between these two forms of the 
generating function is omninegative. It will be found that 

l — ar^x 

(1 — a)(l — ax){l — a^)(l — aa?){l — cur*) 

— (1 _ a)(l — aV)(l — aVXl — aV) 

1 / g-^g+oV ^ + aV \ 

(T— aa?){l — ^xT^oi*) \ l—a'J" "^ 1— aV/ 

1 / x + aV<^ aV + €?x^\ 

(i —ax'){l—a'x^){l — a^:i^) \ l — ax* "^ l — aa? ) ' 
Thus the crude form is seen to consist of an omnipositive part, equal to the 
representative form, and an omninegative part. 

There is no difficulty in obtaining the representative form of the generating 
function for pure reciprocants of extents 2 and 3 . In the one case every recip- 
rocant is a rational integral function of two forms of degree-weight, 1 . and 2 . 2 
respectively. The generating function is therefore 

1 
(l_aXl — aV)' 
In the other case (t. a. for extent 3) every pure reciprocant can be expressed as 
a rational integral function of four forms, of which the degree-weights are 
1.0, 2.2, 3.3 and 5.6, no higher power than the first of the form 3.3 occurring 
in the function. Thus the representative form is 

1 + oV 

(1 — aXl — aVXl — a»aj«) ' 
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LECTURE XVIII. 

The number of Pure Reciprocants of a given degree is finite ; the number 
of Invariants of the same degree is infinite. Thus, for example, we have the 
well-known series of invariants 

ac — 6^, ae — ^hd + 3c*, . . . . , 

all of degree 2, but of weights and extents proceeding to infinity. This may 
be proved from the theory of partitions (see American Jowrrud of Mathematics, 
Vol. V, No. 1, On Subinvariants, Excursus on Rational Fractions and Partitions). 
It will be seen in that article that if N{w : t) is the number of ways in which w 
can be divided into i parts, and if P is the least common multiple of 
2, 3, 4, .... i, then N{wi{) can be expressed under the form 

F{w,i) + F'{w,i,p), 

where p is the residue of w in respect of P. 
Writing , t(t + l) 

F{to, i) IS of the form ^-gj .^._^^^. + ...., 

all the succeeding indices of the powers of v in F{w, i) decreasing by 2, and 
their coefficients being transcendental functions of i which involve Bernoulli's 
Numbers. 

In F' {w, i, p) the highest index of v is one unit less than the number of 

times that i is divisible by 2 , i. e. is ^ or — g"" > according as i is even or odd. 

Thus, for the partitions of w into 3 parts, we have the formula 

1 + 2 + 3 , ^ 

where r = ti? H '—^ — = tt? + 3 . 

And, for the partitions of to into 4 parts, 



1+2+3+4 , ^ 

where v=:w-\ ' — ^ — ' — = lo + 5 , 



-^(»r^+a+\-ti-^-^-')}. 
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and pi , ps are the roots of p* + p + 1 = , 

ii, ?, ** ** " ** t^+1 =0; 

in other words, pi and p^ are primitive cube roots, and i^ i^ primitive fourth 
roots of unity. 

The principal term of N{w:S), regarded as a function of i£?, is 

^ = ^. that of n.:4) being j^= ^. 

And in general the principal term of N{w : i) is 



2*.3».4» (i—iy.i' 

Hence it follows, from a general algebraical principle, that for all values of w 
above a certain limit, which depends on the value of i and may be determined 
by the aid of partition tables, (i/?;i,<») — {w — l;i+l,Qo) must become 
negative. 

Ultimately, ^^ — , t+ , QpJ _ w — ^ y^hlch must eventually be greater 

(W] t, Qo) l(i +1) 

than unity. This shows that beyond a certain value of w there can be no pure 
reciprocant, and consequently that the number of pure reciprocants of a given 
degree i is finite. 

Mr. Hammond remarks that the formulae for N{w : 3) and N{w : 4) may, 
by the substitution of trigonometrical expressions for the roots of unity, accom- 
panied by some easy reductions, be transformed into 

Niw : 3) = — - 4 sm* sm* — - 

^ '^ 12 ^ 4 2 9 3 

and N(w : 4) = -— J — - sin* -^ + -- sm — -— — sm — - , 

^ ^ 144 12^16 2^8 2 9\/3 3 ' 

where, in the first formula, v = w + S, and in the second v = w + 5. He also 
obtains the principal term of N{w : i) from first principles as follows : 

The partitions of w into % parts may be separated into two sets, the first 
containing at least one zero part in each of its partitions, the second consisting 
of partitions in which no zero part occurs. 

Suppressing one zero part in each partition of the first set, we see that the 
number of partitions in which occurs is N{w:i — 1). Diminishing each part 
by unity in those partitions which contain no zeros, their number is seen to be 
N{w — i:i). The sum of these two numbers is N{w:i), which is the total 
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number of partitions, and consequently N{w:i)=: N{w:i — 1) + N{vj — »:»). 
Let the principal term of JV{to:i — l) be aw'~', where a is independent of «j, 
and write w=:{x, N{w:i)^u^, N(w — t:i)^tt,_i. 

Then u^ — Ma_,=:a«?*~' + .... = ai'~*x*'' + . . . . 

Hence, by a simple summation, we find 

«, = ai'''{x*~' + {x— 1)*-' + (x~ 2)'-' + } + 

But, since only the principal term of u« is required, this summation may be 
replaced by an integration. Thus the principal term of «, is 



■/= 



x*~*dx~ 



Restoring 



w = ix and N{u} : x) =: «,, 
we see that the principal term of N(w : i) is j^ — -y-. . Thus the principal term 
of N(w : i) is found from that of N(to : t — 1) by multiplying it by 



When i =: 3 , the principal term is ^|-^ ; it is therefore ^-^ 



(t-i)r 

— when i=-i; 



and for the general case it is ^ , . , 



.(i-i)'.r 



The value of N(w:i) is given in line i and column «? of the following 
table : 
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From an inspection of the tabulated values of N(id : t) we see that 
N{w : 2) — N{w — 1 : 3) is negative or zero when w> 2, 
JV(w ; 3) — JV(u) — 1 : 4) " " " " " w>6, 
N(w:4) — N{w—1:5)" " " " " w>8, 

K{w:6)~nIw—1:6) " " " " " tF>12. 
Hence for pure reciprocants of indefinite extent, whose degrees are 

2, 3, 4, 5, 
the highest possible weights are 2, 6, 8 and 12, respectively. 
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In like manner, from Euler's table, in bis memoir De Partitione Numero- 

rum (published in 1750), it will be found that 

for degrees I 2 1 3 I 4 I 6 I 6 I 7 I 8 I 9 I 10 1 11 1 121 13 I 

the highest weights are I 2 I 6 I 8 I 12 I 16 I 21 I 26 i 30 I 36 I 42 I 49 , 55 f 
Further than this the table, which goes up to m = 59, will not enable us to 

proceed. 

The actual number of pure reciprocants of degree i, weight to, and of 

indefinite extent, is seen in the following table, which gives the value of 

N{to:i) — K{w — 1 :i + 1) when positive, blank spaces being left in the table 

when this difference is zero or negative. 



8 


8 


4 


G 


6 


7 


8 


9 


10 


11 


12 


18 


U 


1 




1 




















1 


1 


I 




1 


















1 


1 


i 


1 


2 


1 


3 














1 


1 


»l» 


3 


i 


4 


3 


4 


2 1 8 







Thus, for degree 2, there is only one pure reciprocant, viz. 

(«c) = 4ac — 5i*. 
For degree 3 the table shows that, in addition to the compound form 

a (ac) = a (4ac — 56*), 
there are three others whose weights are 3, 4 and 6 respectively. 
These are the three protomorphs, 
(a'rf) = a*d — 3abc + 2b\ 
(a*e) = 50a'e— 175a6(£ + 28a<.» + 105i*c, 

{a*g)=lWg — Uabf— 1350ace+ 1782/>*e + 1470a(?— 41586c(; + 2310c'. 
With the above forms and a we are able to form the following compounds 
of degree 4 : a* {ac) , a {aH) , (uc)*, a (aV) , a {a*g) , 

whose weights are 2, 3, 4, 4, 6. 

The forme of degree 4 and weights 5, 7, 8, and one of the forms of weight 
6, cannot be similarly made up of forms of inferior degree, and are therefore 
grouudforms. Three of them are the protomorphs {'i''/), ("^A) and («"(') of 
weights 5, 7 and 8, whose values were given in Lecture XVI. Tlie ground- 
form of weight 6 is the Quasi-Catalecticant given in the last lecture. All the 
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forms of degree 4 have thus been accounted for except one. of the two forms of 

weight 8 , which will be seen to be of extent 6 , and to have ahg for its leading 

term. 

We know from Euler's table that N{S : 4) — N{7 : 5) = 2 ; i. e. 
(8;4, 8)-(7;5, 8)=2. 

Now, (8 ; 4 , 7) = N{S : 4) — 1 , the omitted partition being 8.0.0.0, 

(8; 4, 6) = iV(8:4)— 2, the partition 7.1.0.0 being also left out, 
(Q. A f\\— \r(Q .A\ A j for 6 . 2. . and 6.1.1.0 are excluded from 



(8 ; 4, 5), but make their appearance in (8 ; 4, 6). 



Similarly, 



We have, therefore, 



(7; 5, 7) = iV^(7:5), 

(7; 5, 6)=JV^(7:5)— 1, 

(7; 5, 5) = iV^(7:5)— 2. 

(8;4,8)-(7;5,8)=2, 

(8;4, 7)-(7;5, 7)=1, 

(8;4, 6)-(7;5, 6)=1, 

(8;4, 5) — (7; 5, 5) = 0. 
Hence we may draw the following inferences : 
(1). No pure reciprocant exists whose type is 8; 4, 5. 
(2). The one whose type is 8; 4, 6 must contain the letter g. 
(3). No fresh form is found by making the extent 7 instead of 6, so that 
there is no pure reciprocant of weight 8 and degree 4 whose actual extent is 7. 

(4). There is a pure reciprocant (the Protomorph whose leading term is a^i) 
whose actual extent is 8 . 

(5). This, with the one whose actual extent is 6 , makes up the two given by 
(8;4,8)-(7;5,8)=2. 



LECTURE XIX. 
The following is a complete list of the irreducible reciprocants of indefinite 



t for the degrees 2 , 3 and 4 : 




Deg. wt. 




2.2 


(ac) , 


3.3 


{aH) , 


3.4 


(a'e) , 


3.6 


(«V) . 


4.5 


(«y) . 


4.6 


{o?ce), 


4.7 


(,a>h) , 


4.8 


iaH) , 



{a^cfj) 
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The values of all of them except {a^cg) have been given in previous lectures, 
and the method of obtaining them suflScientl}^ indicated. Thus (ac) , {a^d) , (a*e) , 
(ay), (a*gr), {a?h) and {aH) are the Protoraorphs of minimum degree P%i Ps, P^ P^, 
P«, P^ and Pg, respectively; and {a^ce) is the Quasi-Catalecticant whose value 
has been set forth in the table of irreducible forms of extent 4. It will be 
remembered that (a^ce) was found by combining the Quasi-Discriminant {a^cP) 
with P%Pi linearly in such a manner that the combination, which is of the 5th 
degree, divides by a and gives {a^ce) of the 4th degi-ee. If we try to find {a^cg) 
by a similar process, it will be necessary to rise as high as the 7th degree, and 
then to drop down by successive divisions by a to the fourth. 
In fact, since to a numerical factor pres the residues of 

^ P%i Pzi Pii Pis 

are 6* , 6^ , i'c, b^c, 

that of PsPgwillbe i«c, 

and that of PIP^ will be b^c. 

Thus a linear combination of PsPs and P^Pi will be divisible by a, and, taking 
account of the numerical coeflBcients, we shall find 

26PfP4 + 875P3P5 = (mod. a). 

As a result of calculation, it will be seen that the above combination of the 
protomorphs divided by a , 

V (26^1^4 +875P8P5), 

has (to a numerical factor pr^s) the same residue as P\. 

Making a second combination and division by a, we find 

^ /26PIP4 + 875P3P5\ « , r« — ^ / J X Ct 

7 f L-LX ^M _ 25P« = (mod. a) = aS, suppose. 

Then, by actual calculation, the residue of S is found to be 

— 2625006'*6 + G12500b^cd — 3390806V. 

Two reductions have already been made in obtaining this form S of the 5th 
degree. A final combination of S with P^P^ and the form (aV), whose value 
was given in a former lecture, enables us to divide out once more by a and thus 
get the form (a^cg) of the 4th degree. 

It is the fact that P^P^ and (aV) have residues which are not the same to a 
numerical factor pr^ which necessitates the long calculation above described. 
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No linear combination of P%P^ and (r/V) with one another is divisible by a, and 
it is necessary to find a third form S a linear combination of which with both 
PjjP^ and (aV) will divide by a. 

There is, however, another way of arriving at the form {a^cg) by using the 
eductive generator 

G=^{ac — V) d^ + 5 {ad — b€)d,+ 6 {ae— bd)da + 

Starting with the Quasi-Catalecticant 

(a^ce) = SOOa'ce — 1000a6*e — 875a'c? + 2A50abcd— 1344ac»— 35JV, 

and operating on it with G, we have 

G (a^ce) = 4 (ac — i*){— 2000a66 + 2450acd — 70bc^) 

+ d{ad — bc){S00ah + 2ioOahd— 4032ac*— 706'c) 
+ 6 {ae — bd){— 1750a'cZ + 2450a6c) . 
+ 7 {iff— 6e)(800a*c— lOOOai*). 

The terms of this expression contain the common numerical factor 10, which 
may be rejected ; thus we have 

G{a^ce)= lO(aV). 
where 

(aV) = 560aV— 700a*6y— 650a«cfe— 290a»ftc6 + IdOOab^e 

+ 2275a*6<?— 1036ttVd— 3710a6«cd + 1988a6c» + 63frV. 

This form (a'c/) is the first educt of (aVc), and is irreducible (but, being of the 
fifth degree, does not appear in our list, which contains no forms of higher 
degree than the fourth). Operating on it with G^ we obtain the educt of (a'c/), 
which is the second educt of {a^ce). This second educt will be of the 6th degree 
(its leading term will be a*cg), but is reducible to the 5th when combined with 

{4ac — 66*)(a'ce), 

as we know from the general theorem concerning the reduction of second educts. 
We shall thus obtain a form {a^cg), the reduced second educt of {a^ce), of the 5th 
degree, and a final combination of {a^cg) with one or both of the forms P%P% 
and (aV) will enable us to divide once more by a and thus arrive at (a^;^) of the 
4th degree. 

By either of these methods we obtain 

{a^cg) = inea^cg — 8085aV/+ 7040a^e* — 1470aJV + 18963a6c/ 
— 16940abde— 27160ac'e + 26460accP — 95556'/ 
+ S8098V(»4' iaT40iW^6282^Wrf+ 218e0c^; 
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but the second way, besides being more direct, gives us at the same time the 
value of the irreducible form {a^cf). 

Every Pure Reciprocant is an Invariant of a Binary Quantic whose coeffi- 
cients A, B, G, D, . . . . are functions of the original elements a, ft, c, d, . . . . 
such that K4 = , 

VB=A, 

VG=2B, 

VD=SC, 



and conversely, every Invariant of this Binary Quantic, or of a system of such 
Binary Quantics, is a Pure Reciprocant. 

This is a particular case of the more general theorem, due to Mr. Hammond, 
that if is the operator, 

where 4>i» ^> 4^» . . • • are arbitrary rational integral functions, and if 

be any rational integral functions of the original letters a, J, c, . . . . which 
satisfy the conditions 

0^=0, 0^'=O, 0^" = O, 

eB=iA, eB = A\ 05" = ^", 

0(7= 2J5, 0(7'= 25', 0(7"= 25", 

02) =3C, eiy = 3(7', 027' = 367", 



then every invariant in respect to the elements 

^ y Ij f G,2/, ...., ^,x>, G, x/, . . . . , A J 2r , G , 2/, • . • . 

is a rational integral solution of the equation 

0=0. 

Obviously, every rational integral solution of = is an invariant in the 
above elements, so that the converse of the proposition is true. For the only 
conditions imposed upon A, A', A' , ... . are that they shall be rational integral 
functions of a, 6, c, d, . . . . annihilated by 0. Let 

^{A, B, G, D, , A\ B\ G\D, , Al\ B\ C7", 2)", ) 
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be any invariant in the large letters. We have to show that 

0<1>=O. 

Now, ^. ^^ rxA I ^^ i:x7> X ^^ rsn . 

®* = 53®^ + 55®^ + dt7®^+ • • • • 
+ dA! ^^ ^ dm^^ ^ dO ^^^ + — 

+ 

Hence, writing for QA, 05, 0C^, . . . . , their values given above, we have 

0* = (^a^ + 2Bdc + 3(73^ + )4) 

+ {A'dB>+ 2B'dc.+ SC'dj,,+ )cD 

+ 

= (since 4> is an invariant) ; 
which proves the proposition. 

Confining our attention to a single set of letters, the Binary Quantic 

whose coefficients are formed from one another by the successive operation of 

as above, may be called a Quasi-Covariant ; and it will follow immediately 

from the Theory of Binary Forms that every Covariant of a Quasi-Covariant is 

itself a Quasi-Covariant, and that every Invariant of any Quasi-Covariant (or 

system of Quasi-Covariants) is an Invariant in respect to the letters A^ B, C, . . . . , 

and therefore, by what precedes, a rational integral solution of 0= 0. 

Writing the terms of 

{A, B, G, . . . . J, K^ ZJx, yY 

in reverse order, we have 

Zy~ + nKxy^"^ + ^^^^^^cTxy*-* + + Ax^, 

where 0Z = nK, QK— (w — 1) c7, . . . . 04 = 0. 

Thus the Quasi-Covariant may be written 

0*i &^L / i®\ 

where 0~+^i = O. 

This is the general symbolic expression for a Quasi-Covariant. An example 
of a Quasi-Covariant has already been giveif in Lecture II (Vol. VIII, p. 205), 
where it was stated, and afterwards proved (p. 256), that the reciprocal of the w*^ 
modified derivative could be put under the form 
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The numerator of this reciprocal expression, which may be called the reciprocal 
function, is ^ {e'^,, 

which is identical with the general expression 

y''{e^)L, 
if x = — l,y = <,Z = an and = F. 

Hence every Invariant of the reciprocal function is a Pure Reciprocant. 

This property of the reciprocal function was discovered independently by 
Mr. C. Leudesdorf, who published his results in the Proceedings of the London 
Mathematical Society (Vol. XVII, p. 208). Mr. Hammond's results were given 
in two letters to me dated January 15th and January 20th, 1886, and were 
briefly alluded to by him at a meeting of the London Mathematical Society. 
They are here published for the first time. 

Recalling the form of the operator 

= <^i(a) dt, + <?>2(« » &) do + ^zifl , J, c) 9rf + . . . . , 

where ^i, ^g, ^3, . . . . are rational integral functions, we can form a Quasi- 
Covariant of extent j by a finite number of successive operations on a single 
letter of that extent. 

To fix the ideas, take the letter d of extent 3, and operate on it with 0; 
then Qd = ^3(0 , J , c). 

Since ^1, 4^3, ^s* • • • • ^^^ ^J definition rational integral functions, we can, by 
operating a finite number of times with 0, remove first c and then h from 

^3 (a, J, c), and thus obtain 

Qi"d = funct. a , 

where n denotes a finite number of operations. Since 0a = 0, we have 

0»+id=O. 

In this manner we form the Quasi-Covariant of the n^^ order 

y''(e^)d. 

I^ 4>»f 4>8i 4>4> • • • • do not contain higher powers than the first of the last 
letter in each, the order of the above Quasi-Covariant will be the same as its 
extent. This is the case with the reciprocal function, which is a co-reciprocant 
(i. €. a Quasi-Covariant relative to F) . 

Ex. 2^ \e ' / c = cy* + Vcxy + j-^ gc^ = ci/^ + bahxy + 5a V. 
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The discriminant of this is the pure reciprocant 

As an additional example, consider the pair of linear co-reciprocants 
4a (4ac — 56*) x + (5ad — 76c) y , 
50a (aH — 3a6c + 26») x + {2babd — 32ac* + bVc)y . 

The resultant of this pair is 

2a (126a^eP — IbQa^hcd + 500a6'd + 256aV + 165a6V — 3006^c), 

i. e. is the Quasi-Discriminant multiplied by 2a. 



LECTURE XX. 

'* Quintessenced into a finer substance.'^ — Drummond of Hawthornden. 

Before proceeding with the proper subject of this day's lecture, I should 
like to mention a geometrical theorem which has fallen in my way, and which, 
inter alia, gives an immediate proof of the existence of 27 straight lines on a 
general cubic surface. It is proved by means of a Lemma (itself of quasi- 
geometrical origin) which finds its principal application in an extension of 
Bring's or Tschirnhausen's method, and shows how any number of specified 
terms, reckoning from either end, can be taken away from any equation of a 
sufficiently high degree.* 

Subjectively speaking, I was led to the Lemma by considering the question, 
closely connected with Differential Invariants, of the method of depriving a 
linear differential equation of several terms. 

Let ^ be a cubic and u a linear function in x, y, Zj t, say 

^ = ax^ + . . . . -j-fa^y + ...., 
tfc = Zx + my + nz -\-pt. 

Then, if if^ is a scroll which contains all the straight lines on ^ + >^w^ when the 
parameter X has any arbitrary numerical value from + <*> to — oo , I prove that 

*I recover all Hamilton's results contained in his Report to the British Association, 1836, '* On Jer- 
rard's Method," in a much more clear and concise manner, and make important additions to his theory. 
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where i// is of the degree 15 in the variables x, y, z, t^ 

6 in the coeflBcients (Z, th, n^ p) of ti, 

11 (a, )of<^. 

Or, more briefly, in x I a 

^ is of degree 15 6 11, and consequently 

G . 9 11. 

The intersections of ^ with '^ are its intersections with u* and with (7, of 
which the intersections with the arbitrary plane u^ are clearly foreign to the 
question, but the cubic ^ and the 9^C intersect in 27 straight lines, which are the 
27 ridges on ^. 

G is identical with the covariant found by Clebsch and given in Salmon's 
Geometry of Three Dimensions at the end of the chapter on Cubic Surfaces. It 
may with propriety be called the Clebschian. 

By giving the parameter >l (which occurs in ^ + %v?) an infinitesimal varia- 
tion, it is easily proved that 

B= — 2EG, A=E^G, E^G=0, 

where E is the operator P3„ +.... + ZPmdy^ + . . . . i which may be simply 
and completely defined by its property of changing the general cubic ^ into 
(7x + my + nz +pty. 

The equation E^G=^0 expresses a new property of the Clebschian: it 
shows that if a,/ are the coefiicients of x* and any other term in ^ con- 
taining a?*, neither a* nor aY can occur in any one of the terms of G. Defining 
a principal term in ^ as one which contains the cube of one of the variables, 
and a term adjacent to it as one which contains the square of the same variable, 
this is equivalent to saying that neither the cube of the coeflBcient of a prin- 
cipal term nor its square multiplied by the coeflBcient of any adjacent term can 
appear in any of the terms of G. 

An interesting special case of the general theorem is when the arbitrary 
plane u is taken to be one of the planes of reference, say u=ix. Then 

?=1, w = 0, n = 0,^ = 0, 
and the operator E becomes simply -p . Thus we learn that 






da' ^ da 

Vol. iz. 
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is a Scroll of the fifteenth order which contains all the Ridges on 

for any arbitrary value of the parameter X . 

It also contains 6 times over the curve of intersection of ^ = with a; = 0. 

I now propose to give the substance, with a brief commentary, of some very 
interesting letters I have recently received from Capt. MacMahon. I abstain 
from giving a proof of his results, as I am informed that he intends to do this 
himself at an early meeting of the London Mathematical Society. 

Using V to signify the Reciprocant Annihilator and ft the Annihilator of 
Invariants, we have studied the properties of 



V— — —V 

dx dx 



and those of 

These may be written in the form 



n 



dx dx 



a. 



dx 



dx 



a 



dx 



dx 



and may be called alternants to F, -r- and to ft, ;,— respectively. 



dx 



dx 



that 



It has been shown in Lecture VII (see Vol. VIII, p. 238 of this Journal) 



dx dx 



The corresponding formula is 

n^ _^n = 3i+ 2w, 
dx dx 

as may be seen by writing x = 0, X = 3, /^ = 4, r=5, 
formula given in Lecture V (p. 224). 



in a more general 



Observe that operating with the alternant to ft , ;^ is equivalent to multi- 



da; 



d 



plication by a number, and that operating with the alternant to F, -^ merely 

introduces a numerical multiple of a as a factor. No such property exists for 
the Alternant Fft — ft F, 

but one much more extraordinary. 
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MacMahon has found that this alternant, which he calls J^ is a generator to 
a Reciprocant and a generator to an Invariant ; i. e. it converts a Reciprocant 
into another Reciprocant, and an Invariant into another Invariant. As regards 
a Differential Invariant, which is at once an Invariant and a Reciprocant, it is 
an Annihilator. He shows, in fact, that 

Dj— t/n = 

and VJ—JV=0. 

If, then, £iB = , it follows immediately that ft (t/B) = ; i. e. if R is an 
invariant, JR is so too. And in like manner, if 

YR—Q, F(c7B) = 0, 

t. e. if i{ is a reciprocant, so is JR. 

Of course, if if is a Differential Invariant, 

JM=Y{£iM) — £i{YM) — Q. 

Let me here give a caution which may be necessary : The fact that a form is 
auAihilated by J is not sufficient to show that it is a Differential Invariant, 
though all Differential Invariants are necessarily annihilated by J . Forms exist 
which are subject to annihilation by 

«7= a*9o + 3ai9^ + ...., 

but are, notwithstanding, neither invariants nor reciprocants. 

Such a form is the monomial J, which is obviously annihilated by J. 
Another is od — 36c . For, since 

a^d — 3aic + 25» 

is a Differential Invariant, we have 

But /5'=0 and Ja — 0] 

therefore, also, aJ(ad — 36c) = • 

The general theorem is as follows, and is a most remarkable one : If we 
write^ 

mP {m, (i,v,n) = (la^'dan + (i^ + v) ma'^-^bda,^, 

+ {IM + 2v)(ma--'c + ''^^^^ a- V)a«.,. 

+ {[1 + 3v)\md^^^d + m{m — l)a~*"*6c 

, m(m — l)(m — 2) ^ q,,) -. , 



Pi 


p. 


Pa 


Pi 


p. 


P. 


Pi 


p, 


P, 
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where the coefficients of the terms inside the brackets are the same as those of 
the corresponding terms in the expansion of (a + 6 + c + • • • O^i *^^ where a^ 
stands for the 71^ letter of the series a,&,c,e{,...., then Gapt. MacMahon 
establishes that the alternant of any tv:o P's is another P. 

A question here suggests itself naturally : What would be the alternant of 
three or more P's ? For instance, would the alternant 

= P,P,P, - P,P,P, + P,P,Pi - P,PiP, + P,PiP, - P,P,Pi 

be another P ?* 

Moreover, he obtains expressions for the parameters wi, /z, t?, n of the result- 
ing P in terms of the parameters of its two components. He proves that if 
Pi J Pj are the two components whose alternant is P, supposing 

^i» H'li ^i> ^1 to be the parameters of Pj, 

^«» i^» ^»» ^ A» 

then the parameters m, (i, v, n o{ their resultant P are given by the equations 

7W = 7^1 + wi, — 1 , 

v = {n^ — ni)viv^ — ^ iiiv^ H — mv^ 

n = Wi + ^h- 
It will be seen that ft and Fare special forms of P. Thus, 

n = P(l, 1, 1, 1), 
F=P(2, 4, 1,1). 

Now, if the second and third parameters are zero, every term of P vanishes, and 
MacMahon finds that in the following two cases the second and third parameters 
of the resultant above given vaiiish. 

* 

* In my Multiple Algebra investigations, which I hope some di^ to resume, I have made important 
use of similar Alternants, which, it may be noticed, do not vanish when fheir elements are non-commu- 
tative. In this connection it is Well worthy of observation that the P's (as indeed would be true of any 
operators linear in the differential inverses) obey the associative law. 

It would be interesting to ascertain under what arithmetical conditions, if any, other than Mac- 
Mahon 's, any two linear operators of the same general form as his P^s become commutative. 

Perhaps it would also be worthy of inquiry whether the P theory might not admit of extension in 
some form to operators non-linear in the differential inverses, and whether to every such operator of 
degrees i and j in the letters and tiieir differential inverses there is not correlated another in which 
t and j are interchanged. 
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(1). Supposing-^ to be an integer, this takes place when the two compo- 
nent system of parameters are 

Wi, Hi, t?i, Tlj, 

(2). When they are 

W„ TlitWa, Wi— 1, A (97l2— 1). 

Now, P(i, 1, 1, i) = n, 

P(2, 4, 1, 1) = F, 
and by the law of composition 

c7=nF— Fn = P(2, 2, 1, 2). 
Also, 2,2,1,21 ^j^ ^^ ^^^^^ j^ ^^^^ ^^^^^ ^j^^ g^j. ^^^^ 

l,l,l,li 

• ' ' !• the second. 

2,4, l,lJ 

Hence, £iJ—J£i=Q and Fc7— /F=0. 

The above theorem is one of extraordinary beauty, and must play an important 
part in the future of Algebra. 

In another letter Capt. MacMahon calls my attention to the fact that the 
operator called by me Cayley's generator P, in Lecture IV of this course 
{American Journal of Mathematics^ Vol. VIII, p. 221), is a particular case of one 
of a much more general character given by him in the Quarterly Mathematical 
Journal (Vol. XX, p. 362), 

He also states that every pure reciprocant, when multiplied by the needful 
power of a, is an invariant of the binary quantic 

]2.(2n+ l)!}a*+^— n{ll(2n+ l)I|a'*-^J< 

+ '^^^^{2l(2n)!}{a-«c + !^^ 

+ . * * 

which I have written in the non-homogeneous form. 
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But this expression is (to a numerical factor pr^s) identical with the numer- 
ator of , ^^^ when <, a, 6, . . . . are taken to be the modified differential deriva- 
tives -^ , — -y^ , — - ^ , See my note on Burman's law for the Inversion 

of the Independent Variable (Supplement to the Philosophical Magazine for 
December, 1854). 

The property that its invariants are pure reciprocants has already been 
proved in the lectures. 



LECTURE XXI. 

I take blame to myself for not earlier communicating to the class the 
substance of a note of Mr. Hammond's under date of January 20th, 1886, in 
which he makes an interesting application of the theorem that any invariant 
of the form 

y''\eyjF{a, b, c, ), 

in which the function F is subject to the condition 

or of any combination of such forms, is a pure reciprocant. 

Forms such as the above, whose invariants are pure reciprocants, be calls 
co-reciprocants. It follows that any covariant of one or more co-reciprocants is 
itself a co-reciprocant, for any invariant of a covariant is an invariant. 

Taking jPto be a single letter 5, c, (2, he forms the functions 

(1) by+2a'x, 

(2) cy* + dabxy + 6a V, 

(3) dy^+ 3 (2ac + b^) xy» + 21o»&a^y + 14aV, 

in which 2a* = F& , 

5ab = Vc, 5a' = -r-^ , 

1 . iU 

TV V*d 

3(2ac+J»)=Pa, 21a»6 = ^.14a*=^. 
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On writing y = <, a; = — l.it will be observed that these three forms are 
the numerators of 

1 cPa?- 1 d*a; 1 cFx 
Jldf' 4\d^' 51^' 

The Jacobian of (1) and (2) is 

(4ac — 56*) ay ; 
the coefficient of ay is the familiar pure reciprocant 4ac — 56*. 

The Jacobian of (1) and (3) is the determinant 

b ' 2a» 

dy^ + (4ac — 56») xy (2ac + 6*)y* 
which is divisible by y, giving the quotient 

(4) {2a^d — 2abc — b^)y+ 2a* (4ac — 56*) x. 

"^^^^ ^® y (e-^ 0(2a*^ — 2a6c - 6') , 

a? a? 

the terms involving — ^ , -4- 1 ... - vanishing identically. 

Looking at 2a^d — 2a6c — 6' as the anti-source to a Co-reciprocant,* we 
might at first sight expect that it would give rise to a co-reciprocant of the third 
order in x, y, whereas we see it is the anti-source of a linear co-reciprocant. 

We have F(2a*c? — 2a6c — 6') = 2a* (4ac — 56*) . 

Coml)ining this with 

V{a^d — 3a6c + 26') = (the well-known Mongian), 

and dividing by a, he obtains 

F(5arf — 76c) = 4a (4ac — 56*) . 
Hence 

(5) {5ad — 76c) y + 4a (4oc — 56*) x 
is a co-reciprocant. It is in fact (4) reduced in degree. 

The Jacobian of (5) and of c^+ bahxy + 5aV, L e. 

bad — 76c 4a (4ac — 56*) 
2cy + 5a6x 5a6y + 1 Qa^x 

* What differentiates Beciprocants from Invariants is that we have no reverser to Fas O is to Q in 
the theory of Invariants, i, e. no reverser which does not introduce an additional letter. 

The coefficients of a covariant are obtained either from the source by continually operating with O , 
or from the anti-source by continually operating with Q . But in the case of a co-reciprocant, we are 
only able to proceed in one direction (viz. from the anti-source, or coefficient of the highest power of y , 
to Uie source), as we have only one operator, F, at our disposal. 
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will divide by a , and gives the new linear co-reciprocant 

(6) {25abd — 32ac* + 5b^c) y + 50a {aH — Zahc + 26^) x. 

The coeflBcient of y is of weight 4 , but instead of giving rise to a co-recip- 
rocant of the 4th order, we see that this again is the anti-source of a linear 
co-reciprocant. 

The resultant of the two linear co-reciprocants (4) and (6) divided by a 
numerical multiple of a gives the well-known Quasi-Discriminant 125a'c?+ . . . ., 
as was stated at the end of Lecture XIX. 

The noticeable fact is that (including hy + 2a^x) there exist 3 linear inde- 
pendent co-reciprocants of extent 3. Probably there are no more, but this 
requires proof. 

The promised land of Differential Invariants or Projective Reciprocants is 
now in sight, and the remainder of the course will be devoted to its elucidation. 
Twenty lectures have been given on the underlying matter, and probably ten 
more, at least, will have to be expended on this higher portion of the theory. 

One is surprised to reflect on the change which has come over the face of 
Algebra in the last quarter of a century. It is now possible to enlarge to an 
almost unlimited extent on any branch of it. These thirty lectures, embracing 
only a fragment of the theory of reciprocants, might be compared to an unfin- 
ished epic in thirty cantos. Does it not seem as if Algebra had attained to the 
character of a fine art, in which the workman has a free hand to develop his 
conceptions as in a musical theme or a subject for painting? Formerly it 
consisted almost exclusively of detached theorems, but now-a-days it has reached 
a point in which every properly developed algebraical composition, like a skilful 
landscape, is expected to suggest the notion of an infinite distance lying beyond 
the limits of the canvas. 

It is quite conceivable that the results we have been investigating may be 
descended upon from a higher and more general point of view. Many circum- 
stances point to such a consummation being probable. But man must creep 
before he can walk or run, and a house cannot be built downwards from the 
roof. I think the mere fact that our work enables us to simplify and extend the 
results obtained by so splendid a genius as M. Halphen, is sufficient to convey to 
us the assurance that we have not been beating the wind or chasing a phantom, 
but doing solid work. Let me instance one single point: M. Halphen has 
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succeeded, by a prodigioua effort of ingenaitj, io obtuoing the differentul equa- 
tion to a cubic curve with a giveu absolute inyariaDt. His method inrolTes the 
integration of a complicated* differential equatitm. Id the method which I 
employ the same result is obtained by a simple act of subetitution in an exceed- 
ingly simple special form of Aronhold's S and T, capable of being executed in 
the course of a few minutes on half a sheet of paper, without performing any 
integration whatever. This will be seen to be a simple inference from the 
theorem invoked under three names, to which allusion has been made in a pre- 
ceding lecture and the demonstration of which will shortly occupy our attention. 
Before entering upon the theory of Differential lorariants, 1 think it 
desirable to bring forward the exceedingly valuable and interesting oommuiu- 
cation with which I have been favored by H. Halphen establishing a ^non the 
existence of inoariaata in generaL 

9CR VEuStKSCE DB IXTABUITTS. 

i&ctraeted/nm a Letter of M. BaJjAen to Pn/enor S^eeaUr.) 

Dans des thferies diverses on a rencontre des Invarianu witt qu'on ah 
p^n^tre la cause gen^rale de leor enstence. Cest cette laame ovjl n^aA ict 4e 
faire disparaitre. 

1. Soient A, B X des qnandtis anzqnenea om fmm ittribwr 4u 

valeurs ad libititm. 

Une mAtHtmiom eonaiste k remplaeer ees qmmtitJm (A B Li ^ 

d'autres {a,b /). ^ • . *f ^ 

Les substitntiwia. qoe PoB d«t «oo«d&»r idl, aort iefaii* ■» Jg» , 
algebrtqoes, de ferae i upyu s fa dooaCe, msh « - 

P'9 

Soit mainienant one »Bi»fc mkttitmAtm, 4g mb^ ^^^ 
P»rminktiw:M,jr tidomBamhemk^,fi,^ 2Lml 



(«=/(-<. 

7 ?=.!".« 



» z 
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2. DEFINITION. Les substitutions dont il s'agit forment un groupe, si, quels 
que soient les paramfetres p, 5, . . . . , ^, ;t, . . . . , ainsi que -4, JB, . . . . Z, il 
existe des quantity P, ©,...• v6rifiant les 6galit6s semblables 

ia =f{a, b, . . . . I; P, Q, ), 



Les invariants sont V apanage eo^chmf des substitutions formant groupe. On va 
le montrer. Mais auparavant, pour eviter toute confusion, on doit faire une 
remarque sur la definition. 

3. Dans les diverse theories oil Ton a rencontr6 des Invariants, les substitu- 
tions forment groupe, en effet, suivant cette definition ; mais il s'y rencontre 
encore une circonstance particulifere de plus, c'est que les paramfetres P, $,.... 
de la substitution compos^e (1 ter) dependent uniquement des param^tres 
p, 5, . . . . , 7t, ;t, . . . . des substitutions composantes, (1) et (1 bis). Cette 
propriete n'est pas n^cessaire a Texistence des Invariants, et nous ne la suppo- 
se rons pas ici. II sera done entendu que P, §>•••• peuvent d6pendre, non 
seulement de jp, 5, ...., 7t, ;f ...... , inais aussi de J., 5, . . . . i, 

EXEMPLKS : 

I. a = Ap^, 6 = Apq + Bp , c = A^ + 2Bq + G 
a = An\ [3 = Anx+B7t, y = Ax'+2Bx + G 
a = «P^ ^ = aPQ+hP, y = aQ'+2BQ+^G 

P P 

P et Q ne dependent pas de J^, J5, G. 

II. a = Ay, b = A^pq + ABp, c = A^+2Bq + Gi 
a = ^V, (i=A'7tx + ABn, r=Ax'+ 2Bx + C7; 
a = tt«P», ^=a^PQ+ abP, y = a©* + 2jg + c; 



P et $ dependent de A. 



Ay ^ Ap • 



Dans ces deux exemples, il y a un invariant absolu, — 



4. Dans la substitution (1) nous suppbserous que le nombre des param&tres 
soit inf6rieur au nombre des quantit^s J., JB, . . . . Z. 
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Soient ainsi m le nombre des paramfetres ^ , j , . . . . , 

n le nombre des quantites A, B^ , . , . L^ 

on suppose m<in. 

Cela 6tant, on peut ^liDiiner les param^tres entre les equations (1), et il reste 
(n — m) 6quations 

ij?" (a, 5, . . . . ?; il, 5, . . . . Z) = 0, • 
^i(a, 6, I] A, B, i) = 0, 

TH^OfiiiME : Si lea sxihatitutions cormderees for merit groupe, les (n — m) ^uatiom 

(2) peuvent etre raises sous la forme 

f4> (a, 5, . . . . Z) = <E) {A, B, . . . . i), 

(3) Wi{a,b, 1) = ^^{A,B, L), 

en d'autres termes, il y a {n — m) invariants ahsolus. 

E^cijproquement, s'U y a{n — m) invariants ahsolus (distincts), les substitutions 
forment groupe. 

5. Demonstration. Prouvons d'abord la seconde partie, ou reciproque. 
Voici I'hypoth^e : des Equations (1), par 61imination de p, g, . . . . resultent les 
6quations (3). 

Par consequent, A, B, . . . . L et a^ b,\ . . .1 6tant quelconques, mais satis- 
faisant aux Equations (3), on peut determiner jp, g^, au moyen des Equations (l). 

Soient A^ B, . . . . L, jp, g^, . . . . , n, ;^, . . . . pris arbitrairement, et 
a, &,..*. 2, a, /?,.... >l d6termin6s par (1) et (1 bis). Suivant Thypothfese, 
on a 

<I>(a, 6, . . . . 1) = ^{A, B, . . . . L)et <I>(a, /?,.... X) = <I>(^, 5, L); 

done <l>(a, 6, . . . . Z) = <l>(a, /?, . — >l), etc. 

Done on peut determiner P, Q, . . . . par les equations (1 ter), ce qu'il fallait 
d6montrer. 

D6montrons maintenant la premiere partie, ou tMor^me direct. Par 
hypoth^se, A, B, . . . . L ^ p, q, . . . . , ^> ;c > • • • • ^^^^ P^^s k volont6 et 
a, &,.... Z, a, /?,.... >l determines au moyen de (1) et (1 bis), il en r6sulte 
les relations (1 ter). 
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Des equations (1) resulte le systfeme (2) ; de meme, de (1 bis) et de (1 ter) 

resultent 

' fi^ (a, /?, X\ A, B, L) = Q, 

(2 bis) 1i^i(a,/3, ;i; il,5, ....i) = 0, 



i^ (a, /?, ^; a, 6, /) =0, 

(2 ter) -ji^ila,/? X] a,h, I) =0, 

Je dis que le syst^me (2 ter) resulte de (2) et de (2 bis). 

En efFet, a,6,....Zeta,/(?,....^ n'6tant definis que par (1) et (1 bis), 
le systfeme (2 ter) resalte de (1) et de (1 bis) par Telimination de 2?, g^, . . . . , 

7t, ;^, . . . . et J., 5, L. Mais Pelimination de j^, g^, . . . . remplace le syst^me 

(1) par le systiime (2), celle de 7t, ;t, . . . . reraplaee le syst^me (1 bis) par (2 bis) ; 
done (2 ter) resulte de Telimination de J., J5, . . . . X entre (2) et (2 bis). 

Le systeme (2), (2 bis) est form6 par 2{n — m) Equations, et cependant 
Teliraination de n lettres J., 5, . . . . Z, au lieu de donner (n — 2m) equations, 
en donne (n — m), les equations (2 ter). Si done on elimine seulement (n — m) 
lettres J., 5, .... (r, les ?n autres H^ , . . . L disparaitront d'elles-meraes. Tirons 
A, B, . . . . G des equations (2), et nous aurons 

J. = 'p(a, 6, . . . . Z; Hj . . . . L)j 
B = ^^l{a , 6 , . . . . Z; jff , . . . . Z) , 

Tirons de meme A, B, . . . . G des Equations (2 bis), et nous aurons 

A = ^{a, /?, X] H, Z), 

5 = *i(a, /?, X; H, Z), 



Le r&ultat de I'^limination est done represent^ par (n — m) Equations tellfes que 

f* (a, i, I) H, Z) = * (a, /?, .... .;i; JT, Z), 

(4) "1*1(0,5, Z; Zr, Z)i::^i(a, /?, X; JJ, Z), 

et Ton salt que £f , . . . . Z disparaissent, d'eux-memes, de ces Equations. 

En assignant done ^ JET, . . . . Z des valeurs num^riques 2k volont6, on voit 
done bien que les Equations resultants, 6quivalentes k (2 ter), out la forme 

<E) (a, 5, . . . . Z) = 4> (a, /?,... . X), 
4>i(a, 6, . . . . Z) = <I>i(a, /?,.... X), 



C'est ce qu'il fallait d6montrer. 
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6. Remarques. Si les Equations (4) sont rationnelles, la disparition de 
Hf . . . . L exige que ^ ait la forme suivante 

ipz=cD(a, 6, l)e{H, L) + e{H, i), 

et de meme pour *i, etc. Sous cette forme, on voit que © et disparaissent dans 
les Equations (4), et Pin variant resultant est 4>. 

Mais, si les Equations (4) sont irrationnelles, la disparition de H, . . . . L 
pent n'etre pas immediate. En assignant k H, . . . . L des valeurs num^iques 
k volont6, comme on I'a dit dans la demonstration, c'est-a-dire en consid6rant 
Hf . . . . L comme des constarUes arbitrairesj oA voit les invariants se presenter 
avec des constantes arbitraires. Ceci ne doit pas 6tonner, puisqu'il s'agit ici 
d'invarianta absolusj que Ton pent efFectivement modifier en leur ajoutant des 
constantes arbitraires on en les multipliant par des constantes arbitraires, sans 
troubler la propriety d'invariance. 

L'analyse employee dans la demonstration fournit un moyen regulier de 
former les invariants ; ce moyen consiste k 61iminer les paramfetres dans les 
equations (l), puis k r^soudre par rapport a (n — m) quantites A, B^. ...O. Mais, 
les substitutions forment groupe, on pent aussi resoudre par rapport £l a, 5, • . . . ^, 
en eiiminant les paramfetres. 

ExEMPLE : a = Ap^j b = Apq + Bp, c = Aq^ + 2Bq + C. 

En resolvant par rapport k c, c'est-a-dire en tirant jp, q des deux premieres, on 
obtient . 

Voici Finvariant C 7- . 

A 

/JB^ AC 
En r6solvant par rapport & ft, on trouve 5= \fa\/ ^ [-Cj ce qui 

donne invariant — - + c , oil c est une constante arbitraire. 
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LECTURE XXII. 

£ pur Bi mtiove. 

The theory still moves on. We have now emerged from the narrows and 

are entering on the mid-ocean of Differential Invariants, or of Principiants, as 

I have called them. These, it will now be seen, are perfectly defined by their 

property of being at one and the same time invariants and pure reciprocants. 

In other words, if P be a Principiant, it has both SI and Ffor its annihilators. 

Thus, ex. gr., the Mongian 

^ zz a*d — Sabc + W 

is necessarily a Principiant. For 

£iA — {adt, + 263, + icd^){a\i — Zabc + 2ft») = 0, 

and at the same time 

VA = { 2a*aft + bahdc + (6ac + 3i«) d^ \ (aV — Zahc + 26') = . 

Among Pure Reciprocants, those only are entitled to rank as Principiants 
whose form is persistent (merely taking up an extraneous factor, but otherwise 
unchanged) under the most general homographic substitution (see Lecture XIII, 
American Jcumal of Mathematics^ Vol. IX, p. 17). We have therefore to show 
^that such reciprocants and no others are subject to annihilation by A. 

With this end in view, let us consider the effect of substituting ^ . . for x 

1 -|- Aa? 



and ^. for y in any rational integi'al function of y and its derivatives with 
respect to x. Suppose that, in consequence of this substitution, the function 

becomes changed into 

then the transformed function will be 

-T (/ , Ij, I2, I3, . . . . Yn)i 

where X= ^ , . , Y= ^ f . , and Yi, K, F,, . . . . F„ are the successive de- 

1 -f' nx 1 -|- Aa; 

rivatives of Y with respect to X. 

If^ for the moment, we agree to consider A as an infinitesimal (we shaH 
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afterwards give it a finite value), neglecting squares and higher powers of A, we 
may write X=x — kx^, 

Y=^y — hxy. 

Hence, by n successive differentiations of Y with respect to X, neglecting squares 
of h whenever they occur, we deduce 

1^1 = ^1 + ^1 — %» 
J^s = 3^8 + ^f^i/9 + 3Ai/„ 



Yn-i= yn-i+ {2n — S)hxy^_i+ (n— l)(n— 3)%,_„ 
Yn = Vn + (2n — 1) kxy, + „ (n — 2) Ay„_i. 

The last of these, for instance, is obtained as follows : 

dYn-t 



We have F. = 



n 



dX 



But d _ 1 ^ — ti I nj, \ '^ 

and ^ = ^{y„_x+(2«-3)Axy„_,+ (n-l)(«-3)%„_,} 

= y» + (2n — 3) ^ay, + n (n — 2) Ay„_i . 

Consequently, r„ = (1 + 2Aa:) ^^' 

= (l + 2Aa:)jy,+ (2n — 3)Axy, + n(n— 2)Ay„_i} 
= y» + (2n — 1) hxy„ + n (n — 2) %,_i. 

On substituting the above values of F, Fj, 3^, . . . . F^ in the transformed 
function, we find immediately 

F{Y, Fi, F., . . . . FJ = (1 + Axv + Ae) F{y, y^, y„ . . . . yj, 
where v and ^ are the partial differential operators 

v=z—ydy + yidy, -f 3y,a„, + Syja,, + ^y^^y^ + 

= — ya„, + Zy^dy, + 8^38^. + 1 byidy^ + + n (n — 2) y^^-^dy, . 

Changing to our usual notation, we write 

yi = '. yt= 2a, 2/8=2.36, 3/4= 2.3.4c , 
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and then if J?\ is what F (a rational integral function of a, 6, c, . . . .) becomes 

•Z7 1/ 

when we substitute , t-t"TI for x, y (regarding h as infinitesimal), we have 

i?\ = (l+Axr + A0)i^, 
where r = — ydy + tdt+ Zada + SftS^ + 7c3^ + 9^0^ +...., 
and = — ydt + adj, + 2bdc + 3^3^ + Add, + 

In general v is merely the partial differential operator written above ; but 
when its subject, F, is homogeneous, of degree *, and isobaric, of weight i/?, in 
the letters y, t, a, 5, c, d, . . . . supposed to be 

of degrees 1, 1, 1, 1, 1, 1,.,.. 

and of weights — 2, — 1, 0, 1, 2, 3,...., 

its operation is equivalent to multiplication by the number Zi+ito. For in 

this case we have 

y3y + ^9*+ o3^ + 63ft + c3^+ ^d4- = i, 

and — 2ydy — tdt +H+2ca,+3cia4+ =«?; 

so that we may regard 7' as a number, simply writing 

V = 3i + 2w 
when we have occasion to do so. 

We are now able to show that if i^ is a persistent form, we must necessarily 

have QF= . 

For 1 = 1 + ,,,+ '^; 

and consequently, if F^ is divisible by F (this is what is meant by saying that F 

&F 

is a persistent form), unless ©^ vanishes, -^ must be a rational integral function 

ofy,<,a,5,c,.... But since the operation of diminishes the weight by 
unity without altering the degree, -^ must be of degree and weight — 1 . 

The impossibility of the existence of such a function leads to the necessary con- 
clusion that eF=o. 

Let us apply this result to the case of a pure reciprocant. We have 
e=z—yd,+ ad,+ 263,+ 3ca^ + . . . . = -7jd,+ £l. 

Thus when i^ is a pure reciprocant, or indeed any function in which t does not 
appear, yd^F^: and reduces to fl. We have therefore shown, in what pre- 
cedes, that the condition nF= 
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is necessary to ensure the persistence of the form of -F under a particular homo- 
graphic substitution; h fortiori^ this condition is also necessarily satisfied when 
the form of F is persistent under the most general homographic substitution 

( m which X , y are changed mto g: — r^ — -if—^ — 7, , ^r. — \ — ^r— ; — n ) • 

The satisfaction of ni^=0 is of itself inadequate to ensure persistence 
under the general homographic substitution ; the necessary and sufficient condi- 
tion of pure reciprocants 

FF=0 

must also be satisfied. This follows from the fact that the general linear substi- 
tution, for which all pure reciprocants arc persistent, is merely a particular case 
of the most general homographic substitution. 

It only remains to be proved that the two conditions F^=:0, ft2^=0, 
taken conjointly, are sufficient as well as necessary. 

In what follows I use a method which may be termed that of composition 

of variations. Its nature and value will be better understood if I first apply it 

to the rigorous demonstration of the theorem that the substitution of a + Ay for 

X in the Quantic 

(a, i, c, Jx, yY 

changes any function whatever of its coefficients, say 

F{a, b, c, ), into e^^F{a, b, c, ). 

This is not proved, but only verified up to terms of the second order of differen- 
tiation, in Salmon's Modern Higher Algebra (3d ed. 1876, p. 59). Remembering 
that, whatever the order n of the Quantic may be, the changed values of the 
coefficients a, b, c, d, . . . . are 

a' — a, 

b' = b + ah, 

(/=:c+2bh + ah\ 

dl = d + Zch + 36A* + a/i^ 



what we have to prove is that, for all values of A, 

F{a', V, d, d\ ) = d'''F{a, b,c,d, ) 

In other words, if for brevity we write 

F{a, 6, c, ....) = -?^, 
and F(a!,b',c\ ) = i^i, 

Vol. IX. 
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it is required to show that 

F, = F-i- hnF-{-^a*F+ j^^'F+ 

where ft = adt + 2bdc + ^c^a + 

When h is infinitesimal, it is obvious that 

Fi = F-\- hCiF. 

Hence, when h has a general value, we may assume 

A' h* h* 

F, = F+ h£iF+ - P 4- — -— H — B + 

' ^ ^ 1.2 ^ 1.2.3 ^^ 1.2.3.4 ^ 



• • • • 



Let h be increased by the infinitesimal quantity e; then, considering this 
increase as resulting from a second substitution similar to the first, we see that 
Fi becomes Fi + eilFi . 

But it also becomes 

Equating this to ^i + eCiFi , we obtain 

aF^ = aF+hP+^^Q + ^R + .... 

But ciF, = a(F+haF+^P-\-j^Q+....y 

The comparison of these two expressions gives 

P = £l*F, 
Q=:£lP=£l'F, 
Rz=zCiQ=a*F. 



Substituting these values in the assumed expansion for Fi, there results 

F^=F+mF+ ^a*F+^D?F+ 

which is the expanded form of 

Fi = ^°F. 

A similar method of procedure will enable us to establish the corresponding 

but more elaborate formula ^^ 

Fi=i {1 + hxY^'^f^F, 
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in which F is any homogeneous and isobaric function* of degree i and weight 
win y and its modified derivatives (<, a, 5, c, . . . .) with respect to x] the oper- 
ator = — ydt + €idb + 263^ + Scda +.-..; the function Fi is what F becomes 

in consequence of the substitution of , , ^, for x, y; A is any finite 

quantity, and i; = 3t + 2io. 

Before giving the proof of this theorem, I will show that, upon the assump- 
tion of its truth, two inverse finite substitutions will, as they ought, nullify each 
other, leaving the function operated upon unaltered in form. 

To avoid needless periphrasis, we call the substitution of f-_rT~ » t ^ i for 

X, y the substitution h. 

Either of the two substitutions, /i, — 7i, reverses the effect of the other; 
for the substitution — h turns 

X . X hx 

mtO :; =— "=" 1 + z T" = ^» 



1-^hx 1 — hx 1 — hx 

The two substitutions A, — A, performed successively on F^ ought therefore to 
leave its value unaltered. But by hypothesis the substitution h converts i^into 
Fi\ consequently the substitution — h performed on F^ ought to change it back 
again into F. 

It must be carefully observed that (since the operation of decreases the 
weight by unity, leaving the degree unchanged) the weight of &F is x units 
lower than that of F, whilst the degree is the same for both. 

Thus for F we have 3i -f 2m? = r 

and for &F Zi-\- 2{w — x) = v — 2x. 

Hence the substitution — A, which changes 



J^into {l—hxYe ^-^F, 
also changes eF '' {l—hxy-^e ^-^^QF, 

Q^F ** (l—Iixy-*e ^-^&F, 



and in general &F into (1 — hxy-^'e ^-^^Q^F. 



^Fneed not be integral or even rational; whenever it is homogeneous or isobaric, v will be a number. 
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Moreover, 1 -\-hx becomes 1 + - — ^ = (1 — ^^)"'\ so that 

( 1+ Ax)"- '0'i^ becomes {l—hx)''^'-"\l—Jixy''^''e ^-f^e^F 

= {l — Iix)-''e i^^&F 
= e i -*^(1 — hxY^&F (since does not act on x). 

Consequently, {l-^-hxYF becomes e ^-^F, 

_ h% 

(1 + hxy-^eF ** e i^^'(i —hxy^eF, 

(1 + hxY'^&F ** e 1- '^(l — hx)-^&F, 



And since, by the formula to be verified, 

F^ = {i+hxyF+ h{i + hxy-'eF+^ (i + iu:y-^&F+ — , 

i^i becomes e ^-^'\l+h{l — hx)-'e+ — {l—Iix)-^&+ \F 



h9 fte 



=:g i-Axgi-AxJ^^:: JT, 



LECTURE XXIII. 

We now proceed to show how the composition of variations can be made 
to furnish a strict proof of the formula 

i?\ = (1 + hxYe'^^^F, 
which was set forth in the preceding lecture. 

As before, calling the change of x, y into , , , , , , , , the substitution 

1 -f- /u? 1 -f- to 

hy it is easy to see that the product of two substitutions, A , e , is the substitution 

A + e. For 

X , ^ . X X 



^^l + hx 1 



1+hx ' 1 + Aa; l + {h + e)x' 
^ -1 + a ^ - ^ 



1-f-Aa? 1 + Aa? l-f-(A + s)^' 

This shows that if 

Fi is what i^ becomes on making the substitution A, 

and F^'' ** i<\ ** ** '* ** ** 6, 

then J^j ** ** F ** '* ** ** '* h+e. 



• • • • 
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Thus we can find two expressions for F^t the comparison of which will enable 
us to assign the coefficients of all the powers of h in the expanded values of jF\. 
The first two terms of this expansion were obtained, in the preceding lec- 
ture, by treating A as an infinitesimal. We may therefore write 

Changing h into A + e, we deduce 

F, = F+ {h + e){vx + e)F-{-^^^' N,+ ^^^ Ns+ • ' ^ • 

For greater simplicity, let e be an infinitesimal, and write 
Then AF, = {vz + e)F+ hN, + ~Ns + 



• • • 



• • • • 



Now look at each term in the expansion of Fi and find its increment {i. e. its A) 
when Xf y undergo the substitution e. We thus obtain 

Comparing these two values of AJ^i, we find 

N^ = A{vX'\-@)F, 



and generally Nr = AN^ - 1 . 

These equations are sufficient to determine all the coefficients of Fi; it only 
remains to show how the operations A may be performed. 
We have in fact 

F, = F+hAF-\-^A>F+^A'F+ 

where AF= {vx + 0) F. 

« 

But we must not from this rashly infer that 

A''F= {rx + eyF. 

To do so would be tantamount to regarding r as a constant number, whereas its 
value depends on the degree and weight of the subject of operation. 
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This will be clearly seen in the calculation which follows.* We first 
generalize the formula AF= {vx -\- &)F 

by making Q'F the operand instead of F. 

Then, since i is the degree and w — x the weight of 0'^, instead qf 

3i+2w = r, 
we have 3t+2(ic — x) = v — 2x. 

Thus, A&'F:= {{v — 2x)x + e] Q'F. 

Again, since Ax =: (tjJ7 x J -i- c = — x*, 

we find 
Ax*0'i^= Tt^-^&F. Ax 4- a^A&F= — Xx'+^OrF + a^^ (r — 2x) a + } 0'^. 

Hence we obtain the general formula 

Ax*0'i?'= x^{{p — 2x — ;i) X + 0} &F, 

by means of which we calculate in succession the values of A*^, A'^, .... 

Thus, A*F =A{vx + e)F 

= rAxF+AeF 

=zvx{{v— l)x + 0}i?'+ {(v — 2)x + 0j0i?' 

= {v{v — l)a?+ 2(r — l)x0 + 0»}J?'. 
Hence 

A'F= r (r — 1) A3*F-\- 2 (v — 1) Ax0i?'+ A&F 

= »»(>/— l)x»{(r—2)x + 0|i^+2(v—l)xKv — 3)x + 0}0^ 

+ {{v—4)x + e\&F 

= {r(r— l)(r — 2)x»+ 3(r — l)(v— 2)x*0 + 3 (v— 2)x0»+ ©»}/?'. 

If [v]" is used to denote v{v — l)(i' — 2) .... to n factors ([v]' will of 
course mean r), we have shown that 

A F=: {[}']' X -\- e) F , 
A* F= ([v]V + 2 [v — l]'x0 + &)F, 
A'F = ([v]»x» + 3 [r — 1] V0 + 3 [v — l]'x0» + 0») F, 

*If our sole object were to show that 6F=0 is a sufficient as well as necessary condition of the 
persistence of F, we might dispense with all further calculation. Thus it is obvious that, since 
AF= (vx + B) F, A»Fmust be of the form («, B)*F; for the dependence of v on the degree- weight of 
the operand will not affect the /arm of A" , but only its numerical coefficients. Hence we conclude that 
Ft is of the form (a; , 6) F; and remembering that e*F= , e'jP= , . . . . whenever GjPzz , it is at 
once seen that not only (as was shown in the last lecture) must OF vanish when F is persistent under 
the substitution h , but, conversely, that when OFn , the altered value of F contains the original value 
as a factor (the other factor being in this case a function of x only) ; i, e, Fis persistent. 
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and by induction it may be proved that in general 

A"i^= I [vyx^ + n[v — I]'*- V-^0 + ^?^^[r— 2]**- V-*0*+ .... +0415". 

That the last term of this expression is @*F is sufficiently obvious ; what we 
wish to prove is that, when m is any positive integer less than n, the term in 
A* J?" which involves ©•* will be 

n(n — 1) . . . . (n — m+l)p t« - « ^^^^ 

1 , Z,iJ m , , m Til 

To find the term involving 0'^ in A'^+^i^, we need only consider the operation 
of A on two consecutive terms of A^i^; none of the remaining terms will affect 
the result. Suppose, then, that 

A''F= +px'*-"'0'"^ + 3a;*-"'+^0'*-^J^+ 

Operating with A , we find 

^«+i^_ +^Aa:'*-'»0'»F + jAx""'~+^"*~^i^+ 

= +px''-"^{{v — n — m)x + e\e'^F 

+ gx''-"'-^^{{v — n — m+ l)a; + 0}0"'-^^ + 

= + \p{v — n — m) + q]x''-^^-"'e'^F + 

Now, assuming the general term of A"JP to be as written above, we have 

n(n— 1) (n — wi + 1) _ n«-.« 

P= 1:2.3.... m t^-'"^ • 

n{n — l)....(n — wi + 2)r , ,n.__„.| 

g = — 1.2.3.... (m-i7 C^-"^+^]' "''•^; 

80 that f m(v-m + l) | 

■^ ^ ( n — wi-|-l J 

Thus the general term of A*+^-F has for its numerical coefficient 

^/, ^ _^ . f m(v— m + l) + (v — n — m)(n — m + 1) ) 

p{v-n-m) + q-p^ ^_^^^ f 

^ (n+l)(.-n) l _ (n+l)n....(n-m + 2) r^_ ..+,_ 
^\ n— m + l J 1.2.3.m L^ ^-1 

which shows that the numerical coefficients in A'^+^-F obey the same law as those 
in A*i^ ; and as this law is true forn = 1 , 2 , 3 , it is also true universally. 
We have thus shown that the general term in 

A*-F 18 -^ /^ ^ ^ -!— ^ [v — my-'^x''-"^&^F, 

1.2.0. ...771 ^ "^ 
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and, consequently, the corresponding general term in 



2~ 



1.2.3....n 1.2.3. ...(n — m) 1.2.3. ...m 

Now, as we have already seen, 

J^, = (i + *A+^^A'+j^3A'+...,)f, 

which, by merely expressing the symbolic factor as a series of powers of 0, 
may be transformed into 

^1 = (i + M'^ + 0^'**+ 1^^'*'"'"- • • O^' 

+ (l + [r- l]'Ax + t^^=^'/iV+ E^=^ A«x«+ . . . .)A02^ 

+ 

where, remembering that [v]" stands for v{y — l)(v — 2) .... to n factors, it is 

evident that the functions of x which multiply F, hQF, —^ &F are all 

of them binomial expansions. Hence we immediately obtain 

Fi = {l+ hxYF + (1+ hxy-^hQF + ( 1 + hx)'-* ^&F+ 

= {i + hxy^i + {i'^hx)'''he + {i + Jixy'^^^+ ....^f, 

and finally, i^j = (1 + hxYe^^f^F. 

Mr. Hammond has remarked that, with a slight modification, the foregoing 
demonstration will serve to establish the analogous theorem, that 

F^={1+ ht)-^e^^'^F, 

where, as before, F means any homogeneous and isobaric function of degree i 
and weight w in the letters y, t, a, b, c, . . . . -, and Fi is what F becomes when, 
leaving y unaltered, we change x into x+ hy, where h is any finite quantity. 
Instead of the operator 

e=—ydt+ad,+ 263,+ Scda+ . . . . = —yd,+ CI 
we have — Vi = ytdy+ fd^ — 2a^di, — ^abd^ — • . . •=^ytdy+ fid^ — F;* 

* Thifl theorem was stated without proof in Lecture VIII, where, through inadvertence, the term 
ytd^ in the expression for V^ was omitted. 
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and instead of i^ = 3i + 2m?, a different number, ^=81 + 1/7 (which I have called 
the characteristic), taken negatively. 
If we suppose that 

F^ is what i^ becomes on changing x into x + hy^ 
and F^ ** ** F ** ** *' a; " a; + cy, 

then F^'' ** i^ '* ** ** a; " x + (A + e)y. 

Hence, if F,= F+ hP+ ^Q+ f^S ^ + 



• • • • 



wemusthave F,= F+ {h-{. s)P -{- ^-^^' <? + y^*^ + • • • • 

— ■Pi+ e-jr + . . . . 
Thus, if e be regarded as infinitesimal, and we write 

it follows that AF^ = P+hQ + f^R+ 

But, by the direct operation of A, we find 

AF, = AF+ hAP+^^AQ+. . . . , 

and, comparing these two values of AFi , 

P=zAF, 
Q=zAP = A^F, 
R=AQ=A^F, 



Hence it follows that 

F, = F+hAF+^^A'F+^A'F+.... 

It remains to find the value of A^'F. This can be effected by means of formulae 

given in Lecture VIII {American Journal of Mathematical VoJ. VIII, p. 246), 

where it is shown that 

Ax-^y, 

Ay=0, 

A^ = — ^, 

Aa = — Zat , 

A6 = — Mt — 2a^ 

Ac = — hct — hah , 

Ad = —^dt— 6ac — 35', 

Ae = — let — *Jad — 76c , 

Vol. IX. 
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We now show that 

AF=-{iit'\'y^)F, 

where Fi = V—i?dt — ytdy , 

just as in the cognate theorem we had 

Since i^is a function ofy,<,a,&,c, .... without x, it is evident that 

AF= — - A// + ^ A< + . . . . 

= — ti^tdt-^^ Sada+ ^bdt + 5cd,+ )F 

— {2a^d,+ oabdc+{6ac+SV)da+ \F, 

where the part of AF which is independent of < is — VF. 

Now, ydy + tdt+ada +bdb + cd^ +....= i 

and — 2ydy — td^ + hd^ + 2^3^ + . . . .^.w) 

so that tdt + Zada + 463^ + bcd^ +.... = 3i + it? — ydy — tdt* 

Hence, writing 3i + t(? = /ii , 

AF=—t{iL — ydy—tdt)F—VF 

where Y^ = V — f*9< — ytdy . 

Observing that Fi'i^is of degree i + x and weight w — x] since 

S{i + x)+ {w — x) = fi+2x, 
we see that A V{F=z _ { (^ -f 2x) < + Fi [ V^F. 

Again, At^ ViF= Xt^-^V{F. At + t^A V^F 

= _ x^+iF^F— t^{{fi +2x)t + V^}ViF. 
We thus obtain the formula 

At'ViF^ - e\{(i +X+2x)t + V,\ViF, (1) 

analogous to the one previously employed, 

At^&F— Qi^[{v—2x — X)x + e]&F. (2) 

The remainder of the work will be step for step the same for this as for the 
previous theorem. In fact, by using (1) just as we used (2), we shall deduce 

i?; = (1 + Uy^e'^'^'^F, (3) 

just as we deduced the analogous formula 

i<; = ( 1 + hxYe' + **i^. (4) 
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The reason of this is obvious : by interchanging x and t, fi and — v, Q and — F^, 
we interchange the formulae (1) and (2), (3) and (4). 

It may be well to observe that if we use Sf^ to denote a substitution of such 
a nature that S^S^ = S^+^j 

and if (regarding e as an infinitesimal) we write 

then in general Sf,F=ze^^F. 

The proof of this proposition is virtually contained in what precedes. 



LECTURE XXIV. 

Whenever a rational integral function of a:, y , <, a, 6, c, . . . . is persistent 
in form under the general linear substitution, it cannot contain explicitly either 
Xf y or t, but must be a function of the remaining letters a, 6, c, . . . . (the 
successive modified derivatives, beginning with the second, of y with respect to 
x) alone. 

For if, keeping y unaltered, we change x into a: + a, where a is any arbi- 
trary constant which may be regarded as an infinitesimal, the derivatives 
<,a,5,c,.... are not affected by this change, and consequently the function 

dF 
F= F{xj y, <, a, 6, c, . . . .) becomes F+ a-r- , 

which cannot be divisible by F unless — = . 

The alternative hypothesis of — being divisible by F is inadmissible, be- 
cause J^is a rational integral function, j 

Hence i^ cannot contain x explicitly ; and if we write y -}- (3 for y, keeping 
X unchanged, we see, in like manner, that F cannot contain y explicitly. 
Again, if in the function 

i^= F{t^ a, by Cf . . . .) 

we change «, y into x + a, y + ^^x + /?, the effect of this substitution will be 
to increase t by the arbitrary constant ^^ , without altering any of the remaining 
derivatives a, 6, c, . . . . 



( 
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Hence, in order that the form of F may still be persistent, we must have 

dW dF 

-— = ; the reasoning being just the same as that by which ^ - was seen to vanish. 

Thus, F does not contain t explicitly. Moreover, the function 

jP= F{ai 6, c, . . . .) 

must be both homogeneous and isobaric. 

For the substitution of a^x + a, ^^^y + ^jX + (3 for «, y, respectively, will 
multiply the letters 

by A/a^^ /5//a^^ /^//ar'» ^//a^^ — • 

Each term of F will therefore be multiplied by a positive power of (3^, and a 
negative power of a, . 

Let one of the terms of F be a^^l/'cW"* .... It will be multiplied by 

In order that F may retain its form, this multiplier must be the same for 
every term of F, no matter what arbitrary values are assigned to a^ and ^^;. 
This can only happen when, for all terms of the function F^ we have 

'^o "i" ^1 "H '^ + X3 + . . . . ^ const, 
and Xi + 2X2 + 3X3 + .... = const., 

i. e. when ^is homogeneous and isobaric. 

We have thus proved that among all the rational integral functions of 
a:,y,^,a,6,c,.... the only ones persistent under the substitution of a + a,a:, 
/? + ^fX + ^„y for ic, y, respectively, are such as simultaneously satisfy the con- 
ditions of not explicitly containing x, y or <, and of being homogeneous and 
isobaric in the remaining letters a, &, c, .... 

If F, any function satisfying these conditions, merely acquires an extra- 
neous factor when, leaving y unaltered, we change x into x + hy^ the form of F 
will be persistent under the general linear substitution. For both a + ay(x+%) 
and /?+/?, (x + hy) + ^^^y are general linear functions of x, y, 1. 

Now, the change of x into x + hy converts (as was shown in the preceding 

lecture) F into F,= {1 + ht)-'^e-^F, 

where Fj = F — fdt — ytdy . 

But, since neither y nor t occurs in F, we must have 

dyF=0 and a,F=0. 
Consequently, V^F= VF, VlF=z V*F, 
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and so on. Hence 

j;=(l+A<)-''e~i+«^ 

= {i+uy^F— (1 + ht)->^-'^hVF + (1 + hty^-^^F— 



• • • • 



Unless VF, F*jP, V^F^ .... all of them vanish, F^ cannot contain JF' as a factor. 

If it could, VF, V^F, .... would all have to be divisible by F. But this is 

impossible; for FF, a rational integral function of a, &, c, . . . . whose weight 

is to — 1, cannot be divisible by F^ a rational integral function of weight w. 

We must therefore have 

VF= (which implies V^F= 0, etc.) 

as the necessary and sufficient condition of the persistence of the form of F 
under the general linear substitution. In other words, F must be a pure recip- 
rocant. 

In order that F may also be persistent in form under the geijeral homo- 
graphic substitution, it must (besides being a pure reciprocant) be subject to 
annihilation by the operator 

a = adi,+ 2bdc+ ^cda+ 

For it was seen, in the preceding lecture, that the special homographic substitu- 
tion in which , J^ are written instead of x, y, respectively, has the 
effect of changing any homogeneous and isobaric function F into Fi , where 

he 

F^= (1 +hxye^+'^F, 

e = a — ydt. 

When the letter t does not occur in F, we may write dtF=: 0, so that becomes 
simply n, and the above formula becomes 

ha 

F^= (1 +Aa:)V"+^jP. 

Hence it follows immediately that, when i^ is a rational integral function of the 
letters a, 6, c, : . . . , the condition fli^= is sufficient as well as necessary to 
ensure the persistence of the form of F under the special homographic substi- 
tution we have employed. 

But when Fis a. pure reciprocant it also satisfies the condition FF= 0, and 
it is the simultaneous satisfaction of CIF^ and VF=: that ensures the 
persistence of the form of F under the most general homographic substitution. 
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This may be shown by combining the substitution , , _^ . (for which F 

is persistent when, and only when, nF= 0) with the general linear substitution 
(for which FF= is the necessary and sufficient condition of the persistence of 
the form of F), so as to obtain the most general homographic substitution. 
Thus the linear substitution 



when combined with 






v. + n'r 






gives the substitution 



1+hx/ ^' 1+^;/' 

1+^// 

2^" l + A-i?// 

in which bath the numerators are general linear functions. 

By combining the substitution just obtained with the linear substitution 

a^// = ^w + f^!/w + ^ » y// = Vw J 
the denominator of each fraction is changed into a general linear function, and 

thus, by combining the special homographic substitution , , tTlT^ ^^^'^ ^^^ 

linear substitutions, we arrive at the most general homographic substitution. 

This proves that the necessary and sufficient condition of F being a Iiomo- 
graphically persistent form is the coexistence of the two conditions 

VF=0, aF=o. 

Thus a Projective Reciprocant, or Principiant, or Differential Invariant, combines 
the natures of a Pure Reciprocant and Invariant in respect of the dements. 

Notice that every Pure' Reciprocant is an Invariant of the Reciprocal Func- 

tion ( t. e. the numerator of the expression for — m terms of ;p i 33 »••••» or 

what is the same in terms of the modified derivatives ^ a, 6, . . . .j, but the 

elements of such invariants are not the original simple elements, but more or 
less complicated functions of them. 

What has just been stated is obvious from the fact that all invariants of the 
** reciprocal function" have been shown to be pure reciprocants {vide Lect. XIX). 
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The ordinary protomorph invariants of this function will have for their leading 
term a power of a multiplied by a single letter. Consequently, by reasoning 
previously employed in these lectures, every pure reciprocant will be a rational 
function of invariants of the Reciprocal Function divided by some power of a. 
Thus, for example, the Reciprocal Function 

14a*— 21a^bt + 3(2ac + b^)f—d^= (a, /3, y, S][l , — tf 
if a = 14a^ (3 = 7a*&, y=2ac + h\ h = d. 

The two protomorph invariants of this reciprocal function are 

ay — ^= 7a* (4ac — 56«) 
and a*S — 3a/?y + 2/3^ = 196a* (a*d — Sabc + 26«). 

All other pure reciprocants of extent 3 may be rationally expressed in terms of 
a and the two protomorphs 4ac — 5&*, a^d — Sabc + 26^ ; i, e. all pure recipro- 
cants of extent 3 are invariants of the reciprocal function of extent 3 . 

The reasoning employed can be applied with equal facility to the general 
case of extent n. 

Instead of , , r-f-r- , let us consider the special homographic substitu- 

1 V 

tion — , — employed by M. Halphen. 

Writing X=— and Y=-^, 

XX 

let Fi, It, Fj, . . . . denote the successive derivatives of Fwith respect to X, 
and yi, yj, ys? • • • • those of y with respect to x. Then 

F = x-V, 

Fi = -a(yi— — y), 

F,= JB'y,, 

I^s=— «*(ys+— y,), 

V »/^ j^ 15 ^ 60 , 60 \ 



Hence, it a, b, c, d, . . . . are the successive modified derivatives (beginning with 
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the second) of y with respect to x , and a', 6', d^ d\ . . , . the corresponding modi- 
fied derivatives of Y with respect to X, it follows immediately that 



Attributing the weights 0, 1 , 2, 3, .... to the letters a, 6, c, <?,...., it is 
very easily seen that if F is any homogeneous and isobaric function of degree % 
and weight w , 

F{a!, h\ (/,....) = {—Ya?'-^^^F(a, & + i- «, c + -|-6 + i^a, ). 

But we proved (in Lecture XXII) that for all values of h 

F{a, b + ah, c+2bh + ah\ ) = e*°i^(a, 6, c, ). 

Hence, making ^ = — , we obtain 

F{a', h\ d, d!, ) = (— )^a:»'+«^Ji^(a, &, c, ), 

which proves that the satisfaction of 

SlF{a, 6, c, ....)= 

is the necessary and suflScient condition for the persistence of the form of F 
under the Halphenian substitution — , — • 

Similarly we might prove that i^(y, <, a, 6, c, . . . .), which contains y and 

1 y 
t , but not X , is changed by the substitution — , -^ into 

e 

{—Yx^'e'Fiy, t, a, 6, c, ), 

where = — ya^ + adt, + 2hdc + = i^ — y9«; 

or we may deduce this result from the formula, demonstrated in the preceding 

lecture of this course, ^e 

F^:=i{l'^hxye^^^'^^F, 

in which Fi is what F becomes in consequence of the substitution , , ^, 
impressed on the variables. 
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Let i be the degree and co the weight measured by the sum of the orders 
of diflferentiation in each term of 

F{y, t, a,b, c, ). 

If we measure the weight by the sum of the orders of differentiation of 
every term of F diminished by 2 units for each letter in the term, then 

w = o — 2i and 20 — i = 3i + 2u? = r . 

Let F{y, t, a, b, c, . . . .) become F{y, t, a, b, c, . . . .), 

when we change 

X into qx+p and y into ry ; 

then F'{y, <, a, 6, c, . . . .)=^r*q''''F{y, <, a, 6, c, . . . .). 

A further substitution ^ , , , ^ f . , impressed on the variables in F', will 

convert the original variables into 

qx . J ^y 

1 e into j)(l+M + g» ^ ♦y 

The function ^ is at the same time changed into 

rV"(l + hxye^F{y, t, a,b,c ). 

If now, in the above, we write p = h, 5= — h*, r = h, we shall have 

changed the original variables », y into . , ^, , and the original func- 
tion jPinto 

Let h become infinite ; then , . , , , .^, and ( — )"*( — ^r — ) 6i+*«jP become 

1 + /M? l+Ao? ^ \ h / 

1* t/ — It/ 

— , —and {—Yx^'e'F, showing that the substitution^ — , -^changes F into 

XX XX 

{—Yx^'e'^F.* 

(To he continued,) 



TOL. IX. 



A Memoir in the Theory of Numbers. 

By Arthur S. Hathaway. 



Part I. — Introduction, 

1. It has seemed desirable to begin this memoir with a brief account of the 
labors of others in the same direction, in order that the object of the memoir 
and its relation's to previous results may be more clearly understood. 

The labors of Gauss, Kummer, Dirichlet, Kronecker, Dedekind, and others, 
have extended the scope of the theory of numbers far beyond its original limit of 
the science of the natural numbers 0, rfcl,db2,db3,.... Gauss began the 
extension by showing that the theory of quantities of the form a + iV — 1, 
where a and h are natural numbers, is quite similar to the theory of natural 
numbers. Quantities of this form may be called biquadratic numbers or inte- 
gers; and one biquadratic integer is divisible by another when the quotient is a 
biquadratic integer. The numbers rfc 1, rfciv/ — 1, like ±: 1 in the theory of 
natural numbers, divide all biquadratic integers, and are therefore set apart as 
** units " or ** improper divisors." Every biquadratic integer may be factored into 
a product of powers of non-factorable or ** prime" biquadratic integers; and, 
disregarding possible changes of these primes by unit factors, the factoring can 
be accomplished in only one way. Biquadratic primes divide themselves into 
three classes : 

(1). Natural prime numbers, as 3, 7, .... of the form 4n + 3. 

(2). The conjugate biquadratic factors of natural primes of the form 4n+ 1. 

(3). The number 1 +V— 1 . 

Following the development of the theory of biquadratic numbers came a 
similar development of the theory of cubic numbers or quantities of the form 
a + 6<, where a, b are natural numbers and < is a primitive cube root of unity, 
viz. <* + < + 1 =: . The cubic primes are also divided into three classes : 

(1). Natural primes, as 2, 5, .... of the form 3n+ 2. 

(2). The conjugate cubic factors of natural primes of the form 3n -f 1 . 

(3). The numbers 1 — f , \ — t^. 
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It is worthy of remark, as illustrating the manner in which mathematical 
theories of importance often originate, that neither of the preceding theories 
was developed systematically and for its own sake, but that each was the result 
of an eflFort to solve the problems of biquadratic and cvhic reciprocity in the 
theory of numbers. 

Another system of quantities whose theory is well known to be similar to 
the theory of natural numbers is the system of rational entire functions of an 
indeterminate x. 

2. An important feature of all these theories is the fact that Euclid's process 
of finding the greatest common divisor of two numbers may, in each system, be 
brought to an end by arriving at the remainder, zero ; namely, in the system of 
natural numbers each remainder may be made less than the preceding one ; in 
the biquadratic and cubic systems the norm^ of each remainder may be made 
less than that of the preceding remainder, and in the algebraic system the 
degree of each remainder may be made less than that of the preceding remainder. 

The importance of the ending of Euclid's process lies in the fact that it 
determines a common divisor d of any two integers a, 6, which is of the form 
d = oa: + &y where x and y are integers. In particular, if a and b have no com- 
mon divisors except units, then one may solve the indeterminate equation 
aa + 6y = l in integers a-, y» whence one arrives at a demonstration of the 
fundamental principle of division, viz. 

If two integers y a, b, have no common divisors except units, then every integer 
that is divisible by each is divisible by their product For, since ax + by:=l 
may be solved in integers a: , y , any number c may be written c=^c {ax + by) ; 
whence, if c = fMa = nb, we obtain c = nb.a>x + ma.by=^ ab{nx + my) . 

The fundamental problem in the arithmetical theory of any system of num- 
bers is necessarily the establishment of this law of division. The more common 
form of the law is : " If a product be divisible by an integer a, and one factor of the 
product have with a no common divisors except units, then the other factor of the 
product is divisible by a." This form exhibits the analogy between the fundamental 
principle of arithmetic and that of algebra, which is : " If a product be equal to 
zero, and one factor of the product be finite, then the other factor of the product 
is equal to zero." These two principles lend themselves quite similarly in their 
respective subjects to the theory of the resolution of the quantities to which 
they apply into products of powers of irreducible factors. 

♦Norm of a+6>/— l = a* + 6*, norm of a + 6* = a* — a6+6*. 
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3. After the development of the biquadratic and cubic theories, it became 
quite natural to expect similar results in the case of n*® numbers or quantities 
of the form a+ 6^ + c^ + . . . . , where a, &, c are natural numbers and < is a 
primitive n^^ root of unity ; but this expectation was not realized. An appar- 
ently insuperable obstacle was found in the failure of the fundamental principle 
of division. In 1847 Lam6 gave a demonstration of the celebrated last theorem 
of Fermat,* based upon the properties of n}^ numbers. Liouville, however, 
pointed out that Lame's demonstration is defective in that it assumes without 
proof that an n}^ number can be resolved, and in only one way, into a product 
of powers of irreducible n^^ numbers. Cauchy's attention was attracted to the 
subject by the discussion, and, failing to demonstrate, he assumed that the normf 
of the remainder in the division of one n*^ number by another could be rendered 
less than the norm of the divisor. But the final result of this assumption was 
a rediictio ad absurdum. 

Meanwhile Kummer, Jacobi and others were at work on the generalization 
of the theorems pf biquadratic and cubic reciprocity. Kummer thus found that 
the n*^ numbers (n = 23 or a higher prime) failed to conform to the fundamental 
law of division, and in order to overcome this difficulty he developed the theory 
of Ideal Primes. A synopsis of Kummer's theory, with references to his various 
memoirs on the subject, may be found in Smith's Report on the Theory of 
Numbers, B. A. Rep. 1860, pp. 120-40. The essential feature of the theory 
lies in the conception and definition of an ideal prime. In brief, if ^ be a 
natural prime that is resolvable into a product of true n*° primes, and any n*^ 
number /(<) be divisible by one of these primes, Kummer has shown that a 
corresponding congruence among natural numbers derivable from /(<) is sat- 
isfied for the modulus q. Conversely, if q be not actually resolvable into a 
product of true primes, Kummer still considers it as ideally resolvable into a 
product of true primes corresponding to the congruences referred to. An ideal 
prime has thus, as its name implies, no actual existence among n^^ numbers, but 
one may determine whether or not an n*® number f{t) is divisible by such a 
prime by aid of the corresponding congruence, which is always actual. 

4. Dirichlet next established an arithmetical theory of still more general 

* See Smith's Report on the Theory of Numbers, B. A. Rep. 1860, p. 150. 

tNormof a+W4-c*2+.... = (a + W4-cf* + )(a4-t^+cfH ) , f, f, . . . .beiAgthe 

primitive n*h roots of unity. 
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5. A few words with regard to the latest extensions in the theory of numbers 
will close this summary. Dedekind and Weber (Ore He, Vol. 92) have devel- 
oped an arithmetical theory of complex functions of one variable «, or quantities 
of the form a + 6^ + c^^ + . . . . , where a, 6, c, . . . . are rational entire functions 
of a, and < is a root of the irreducible equation ao^ + aj^"^ -f . . . . = o , whose 
coeflScients are rational entire functions of sc. The ideal complex function, which 
is unavoidable in this case also, is identified, after Dedekind's method, by a 
corresponding Ideal, or assemblage of actual complex functions. 

In the same volume (92) is a memoir by Kronecker, "Grundzuge einer 
arithmetischen Theorie der algebraischen Grossen,?' which treats of the arith- 
metical theory of complex functions of any number of variables. The subject 
is treated by Kronecker as Dirichlet treats the theory of complex numbers, 
viz. as a theory of forms. 

6. In the present memoir the foundation is laid for an arithmetical theory of 
numbers in general. The argument is based upon the simplest laws of algebra, 
and the significance of the symbols of number (a, 6, c, ....), as well as the signifi- 
cance of the ordinary symbols of algebra that connect them, (:=, -f-, — , x, -^,), 
is entirely arbitrary so long as the required fundamental laws are conserved. 
A necessary concomitant of the theory is the introduction of ideal integers ; 
and this introduction is accomplished after the method of Dedekind, by the 
preliminary establishment of a theory of ideals. The theory of ideals here 
established, however, differs from Dedekind's theory in important respects, 
chiefly in the definition of relatively prime ideals, and of the product of two 
ideals, and in the exclusion of certain kinds of ideals from the theory. 

Part II is devoted to the consideration of fundamental principles and defini- 
tions, to a problem and the consequences of its solution, and to turning the 
question of ideal solution of the problem into the question of the establishment 
of a given theory of ideals. The propositions in this paper, although given in 
the order of their dependence upon one another, are, for the most part, left 
without demonstration; but the demonstrations are such as may be readily 
supplied by the reader. 

Part III is devoted to a rigorous establishment of the theory of ideals that 
is indicated in Part II. 
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Part II. 

1. (Definition.) A Universe (Korper, Rationalitats-Bereich) is an aggregate 
of numbers a, 6, c, . . . . , such that any combination of these numbers by 
add'Uion^ subtraction^ multiplication and division {i, e. any rational combination) is 
a number of the aggregate. 

We here use the word ** number" in the sense of a general expression to 
denote the objects of our attention, a, &, c, . . . . These objects may be themselves 
aggregates of other objects or numbers from which our attention is for the time 
being abstracted. We use the words "addition," ** subtraction," "multiplica- 
tion" and "division," and also the word "equal," to indicate relations and 
operations that are represented in the usual way and conform to the usual 
axioms and laws of algebra. For example : " If equals be divided by equals, 
the quotients are equal": ^*a{b -}- c)=: ab + ac,^^ ^^ab.c=ia.bc,^^ ^^ab=^ba,^^ 
**a*=6** = c^ = 1," ''a + a= 2a," etc. 

2. (Definition.) An Order is an aggregate of numbers that contains every 
combination of its numbers by addition^ subtraction oxid multiplication {i. e. every 
rational entire combination), and that also contains all the natural numbers 0, 

db: 1 , rzi ^ , rzi o , • . . • 

A universe may be regarded as divided, as to any one of its orders, into two 
divisions, the one consisting of numbers within the order, which may be called 
integers, the other consisting of numbers without the order, which may be called 
fractions. It is with the former numbers, or integers, that we are concerned in 
the present memoir. 

3. (Definition.) An integer a is divisible by an integer 5 when the quotient 
{b''^a or a/6) is an integer, i. e. when a = 6c, where c is an integer. 

The phrase " w (or are) divisible 6y" occurs so frequently in the theory of 
numbers that we shall denote it by © , used by Prof. Sylvester. 

4. (Theorem.) If a © 6 and 6 © c, then aQc and a/c © b/c. 

6. (Theorem.) If a iand 6 © c, then ax+byQc, where a, y are any integers. 

6. (Definition.) A Unit is an integer that is a divisor of every integer. 

In particular, a unit is a divisor of unity ; and conversely, any integer that 
is a divisor of a unit is a unit. The products and quotients of units by units 
are also units. 

7. (Definition.) Associate integers are integers that mutually divide each 
other. 
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Whence, the ratio of two associate integers is a unit ; and if the ratio of two 
integers be a unit they are associates. Also, two or more associates of the same 
integer are associates of each other. Also, all associate integers divide, one 
the same integers as another, and are divisible by the same integers. We may 
thus select one integer out of a set of associate integers as typical of the whole, 
so far as questions of divisibility are concerned. A group of such integers 
corresponding to all sets of associate integers may be called a group of Primary 
integers^ it being understood that these primary integers are always chosen (as 
they may be in an indefinite number of ways) so that the products of primary 
integers may be primary integers. 

8. (Definition.) Two integers are Relatively Prime when every integer that 
is divisible by each of the two is divisible by their product. 

(a). A unit is relatively prime to every integer. 

(6). If a, & be relatively prime, then any two of their respective divisors 
are relatively prime. 

(c). If each factor of one product be relatively prime to every factor of 
another product, then the two products are relatively prime. 

E. g, let a be relatively prime to each a, ^; 
then if ma/? ©a .'. ma^Qaa, or m^Qa, [8 

.*. m©a .". ma^Ooa^. Q. E. D. [8 

(d). Two relatively prime integers have no common divisors except units. 

9. (Problem 1.) To find a common divisor, d, of two integers, a, 6, which 
is such that a/d, b/d are relatively prime. 

We shall assume for the present that one can always find a solution of this 
problem in the case of any two integers a, 6.* 

10. (The fundamental principle of Division.) Two integers, a, 6, that have 
no common divisors except units, are relatively prime. 

^The term ^^ relatively prime" used in the enunciation of Problem 1 may have various other 
definitions besides the one that we adopt, with the result that the fundamentid principle of division 
may be established just as in the present instance, together with aU the connected propositions. But 
such definition is then, for the order in question, equivalent to that of 1[ 8. On the other hand. Problem 1 
is sometimes solvable according to no other definition than the one here chosen. This is the case, for 
example, in the order consisting of rational entire functions of an indeterminate x , whose coefficients 
are whole numbers only, not both whole numbers and fractions. 

Euclid's process of finding the greatest common divisor of two numbers is a process for solving 
Problem 1 corresponding to the definition ^ ^ Two integers, a , 6 , are relatively prime when the indeter- 
minate equation ax+by=zl may be solved in integers 2c , y." For Euclid's process finds, when it may 
be brought to an end, a common divisor, d , of a , & such that dzzax+by^ where x , y are integers, t. e. 
such that (a/d) x + [b/d) y = 1 . 
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18. (Theorem.) If no integer be divisible by an indefinitely great power 
of an integer that is not a unit, and if a'^c © 6*, however large n may be, 
then aQb. 

For, let d be a g. c. d. of a, 6 ; 

then •.• a^/rf*, 6*/^?* are relatively prime, [9, 8c 

and ••• (aVc?'*)/c © &•/< [hyp. 

/. c © I'^/d/*, [where n is indefinitely great 

.'. b/d is a unit, [hyp. 

/. a © A. Q. B. D. 

An order of such character that its integers may have infinite powers of 
non-unit integers as divisors may be called a transcendental order. For 
such orders this theorem is evidently not true. The property that "if d^cQb*, 
however large n may be, then aQb" may be taken, therefore, as a property 
pertaining to all non-transcendental orders for which the fundamental principle 
of division may be established. From this property one may derive that of 
^17; for it is this property upon which the solutions of Problems 1 and 2 will 
be made to depend (III. 17). Conversely, it will be shown hereafter that if no 
integer be divisible by an infinite number of non-unit integers, then from the 
property of ^17 will follow the property just stated (III. 31). 

19. (Definition.) A Homogeneous iateger is an integer no two of whose 
divisors are relatively prime, except one be a unit. 

(a). Any divisor of a homogeneous integer is a homogeneous integer. 

(6). Of two divisors of a homogeneous integer, one is a divisor of the other. 

(c). If neither of two integers be relatively prime to a given homogeneous 
integer, neither are they relatively prime to each other. 

{d). If two homogeneous integers are relatively non-prime, any two of their 
respective divisors are relatively non-prime, except one be a unit. 

(e). The product of two relatively non-prime homogeneous integers is a 
homogeneous integer, 

(/). Of two relatively non-prime homogeneous integers, one is a divisor of 
the other. 

20. (Theorem.) A primary integer cannot be resolved in more than one 
way into a product of primary relatively prime homogeneous integers. 

When an order contains primes, i. e. integers that have no divisors except 
their associates and the units, then these primes and any powers of these primes 
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are homogeneous integers. We shall construct a system of integers hereafter, 
in which no primes exist, but in which homogeneous integers do exist. 



21. (On the question of an Ideal solution of Problem 1 or 2 in cases where 
no actual solution exists.) 

Corresponding to each integer a there is an assemblage of integers, 
a, a', a", .... , consisting of all integers that are divisible by a. This assem- 
blage will be called the Primary Ideal corresponding to a, and will be denoted 
by a. 

We may note that : 

(a). A primary ideal that contains a', a" also contains a'x + a"y, where a;, y 
are any integers. [5 

(6). The same primary ideal corresponds to any one of a set of associate 
integers, and those only. 

(c). We may determine the significance of products, quotients, etc., of 
primary ideals by the condition that if a6 = c, then Jtb = C, and if a/b^^c, 
then a/b=C, etc.; so that the theory of division for primary ideals corre- 
sponds to that for integers. 

Now, there may be assemblages of integers that satisfy the condition (a), 
but that do not correspond (as above) to any integers ; e, g. 2x + (1 + V — b)y 
in the order a + AV-^ (I. 4). If we can join any or all of these ** ideals" with 
the primary ideals, and extend to the whole an arithmetical theory based upon 
that already determined for the primary ideals, and in which Problem 1 or 2 
shall always have a solution, then it is plain that this theory may be turned 
again into a theory of integers by regarding the non-primary ideals as corre- 
sponding to sets of associate ideal integers* ; and that in this theory Problems 
1 and 2 have always actual or ideal solutions. 

It happens that there are various ways of generalizing the theory of primary 
ideals. Dedekind, for instance, joins with the primary ideals all other ideals. He 
further defines the product of two or more ideals as the assemblage of all products 
and sums of products of the integers of the respective factors ; this being a defini- 
tion that coincides with (c) when the ideals are primary (Hauptideale). 

* By definition a unit must pertain as divisor to the assemblage of all integers of the order. As this 
assemblage is a primary ideal » no ideal integer can be a unit. A set of associate ideal integers consists 
therefore of the products of an assumed primary ideal integer (7) into all units of the order. 
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There are examples, however, that show the impossibility of reaching the 
utmost limits of generalization by the direct definition of the product and the 
consideration of all ideals. We may learn what are the most general features 
of the extended theory of ideals by assuming the theory of actual and ideal 
integers to be properly established, and deriving from that theory the theory of 
the corresponding, or proper, ideals, so as to obtain the following results : 

{d). If m be the least common multiple of a, ft, then w shall consist of all 
integers that are common to 2t , b . 

{e). If a be divisible by 6, then Jt is contained in 6; and conversely. 

(/). If a' be an actual integer, then shall a'b be the assemblage of all 
products of d into the integers of b, viz. a'b = a'b. 

{g\ The quotient a/b shall consist of all integers d such that dh is con- 
tained in a . 

(A). The product ab is the quotient of a'b by c, where a' is an integer of 

a and a7a = c. 

With these suggestions as to the theory of ideals, I have established its exist- 
ence, using the property of ^18, and the restriction that all proper ideals shall 
be obtainable from the primary ideals by successive derivations of least common 
multiples and quotients. The theory which we proceed to give rests, however, 
upon a different and possibly more general definition of integer ideals. 



Part III. 

In what follows, the integers referred to are supposed to be those of some 
order that is not specified except in the case of examples. 

1. (Definition.) An Idtcd of an order is such an assemblage of integers 
that if a', a" be any two integers of the assemblage, then alx + al^y is an integer 
of the asdemblage; as, y being any integers of the order. 

Ideals will be represented by old HagUsh letters ; thus : a » b , . . . . The 
corresponding italic letters, supplied with accents or subscripts, will denote 
integers of these ideals; thus : a', a'\ ax, a^, . . . . are integers of a. 

The ideal which consists of all products of an integer h into the integers of 
an ideal a will be denoted by ^a or a^. 

2. (Definition.) An ideal a is divisible by an ideal b when every integer of 
a is an integer of b . 



Hathaway : A Memoir in the Tlieory of Numbers. 173 

The symbol © will be used to denote that one ideal is divisible by another, 
just as with integers. This symbol, when used between ideals, is thus equiva- 
lent to the words ** consists of integers of." 

(a). If a© ft and ft © a, then a = 1». 
(6). If a© ft and ft © jC, then a © C 
(c). a'ft©a; h'nCDn. 
(d). If a © ft, then ^a © A;ft. 
(a). If ^a © Aft, then a © ft . 

The aggregate of all integers, in the order that we are considering, forms 
the unit ideal, and will be denoted by . A primary ideal is one that consists 
of all integers divisible by a given integer of the order. Evidently ho is the 
primary ideal that corresponds io h. 

We shall make use of any integer A in a sense that will be equivalent to the 

use of ho ; i. e, h shall be divisible by aa ideal when it is an integer of that ideal, 

and h shall be a divisor of an ideal when it is a divisor of every integer of that 

ideal. 

(/). If a © A;, then a = Aft, where ft is an ideal. 

3. (Definition.) The Least Common Multiple of two or more ideals is the 
assemblage of all their common integers. 

(a). The least common multiple of two or more ideals is an ideal. For if 

m\ m" be common integers of a, ft, .... , 
then m'x + m"y is a common integer of a, ft, ... . Q. b. D. [1 

(6). The least common multiple of two or more ideals is divisible by each 
ideal. 

(c). An ideal that is divisible by each of two or more ideals is divisible by 
their least common multiple. 

4. (Definition.) The Quotient a/ft of an ideal a by an ideal ft consists 
of all integers h such that Aft © a. 

(Rem.) If a be not divisible by ft, then a/ft is the same as ttt/ft where 
m is the least common multiple of a, ft. For, •.• Aft ©a, ft, .'. Aft©m or 
A©m/ft; and conversely, if h be any integer of m/ft, then •.• A'ft©m©a 

.-. h © a/ft .-. m/ft = a/ft. 

The assemblage of such integers A that Aft © a need not therefore be repre- 
sented by a/ft when a is not divisible by ft, but by w/ft. So far as the 
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present investigation is concerned, the symbol a/b shall have no meaning, and 
will not be employed, unless a b. 

(a). The quotient of a by b is an ideal. 

For if cfj c" be any two integers of the quotient, 

then •.• (/b\ cf'b' are integers of a , [4 

.-. cfb'x + d'Vy or {dx + c"y) 6' © a , or (ex +c"y) b © a . Q. e. D. 

(6). a©a/b. 

For •/ a'b © a .-. a © a/b. Q. e. d. [2c, 4 

(c). If a/b = c, then i'c © a ; i. e., 6' (a/b) © a. 
\d\ If a © b © C , then a/c © b/c and a/c © a/b . 

For if h be any integer of a/C, 

then •/ Ac © a © b .-. Tc © b/C, Q. b. d. [4 

and V A:b©AjC©a .'. A: ©a/b. Q. E. d. [2c/, 4 

(e). A;a/A;b = a/b. 

For let C = Aa/Arb, jfl = a/b ; [2c 

then ••• d'b © a .-. dW © Aa .-. d © /a/A;b = C, [4, 2cZ 

and •/ c'A;b © A;a /. a'b © a /. C © a/b = jfl, [2c 

/. c = jfl. Q. E. D. 

(/). A;a/A = a/0 = a. 

(flr). A: (aA) = a . (Put a = A;b .) [2/ 4/ 

5. (Definition.) The Product ab.of two ideals a, b is any ideal UJ, if it 
may be found, such that Mj/a = b . 

(Rem.) In general there may be more than one product of two ideals, or 
there may be none ; also, ab and ba may differ. 

The problem before us is to show that, by considering an order whose inte- 
gers satisfy a given condition, we may determine an aggregate of ideals of that 
order whose products are associative, commutative, unambiguous, and within 
the aggregate. There may perhaps be more than one such aggregate ; but all 
are included within the aggregate of ideals, which are defined as follows : 

6. (Definition.)* A Proper Ideal a is one such that if tA:© a and tA:/a © t , 
then ife©a. 

* Either of the following definitions of proper ideals is equivalent to this* definition : ^* A Proper 
ideal a is one such that if tD/a=: fi , then xa/h = a." ^^A Proper ideal a is one such that it is the 
quotient of a primary ideal a'n by some ideal ti .^' 
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(a). If a be a proper ideal, and if A;t © a and ht/K © k, then t © a. 

7. (Theorem.) The least common multiple, m, of two or more- proper 
ideals, a, ft, , is a proper ideal. 

For let k be any integer such that XkQvx and Vc/xa © t; 

then •/ tA; © m © a /. tAr/a © Vc/VX © t , [4d 

.'. A;© a. So, A; ©b, ... . [a, ft, ... . proper ideals 

.-. h © m . Q. E. D, 

8. (Theorem.) The quotient, c, of a proper ideal a by an ideal ft is a 
proper ideal. 

For let k be any integer such that tA: © c and Xk/t 1 ; 

then •.• t* © JC .-. Wk © &'c © a , [2d, Ac 

.-. tfe'Aj/a © Xk/t © t , [4d, 4a 

.-. 6'A; © a, [a a proper ideal 

.-. A;ft © a .•. k © c. Q. E. D. 

9. (Theorem.) If a/ft = C, where ft is a proper ideal, then a/C = ft. 
For let k be any integer of a/C; 

then ••• CA; © a © ft .'. tk/ld © a/ft = C, [4d 

.-. A: © ft or a/C © ft, [ft a proper ideal 

and •.• VcQXi .'. ft©a/C, [4c 

.-. a/C = ft. Q. B. D. 

10. (Cor.) If ft and c be proper ideals, then ftc = cft; i. e. every dividend 
for which ft is divisor and c quotient is a dividend for which c is divisor and ft 
quotient, and vice versa. 

11. (Theorem.) If (W/a)/ft= C, where a and ft are proper ideals, then 
(ttl/c)/a = ft. 

For •.• w © vo/n © c .-. VO/C © VJ/{VOl/n) = a . [46, 4d, 9 

Hence, let k be any integer of ()tt/c)/a ; 

then V Aa©M)r/C /. Arc'a©My .'. kdQvj/n, [4, 2d, Ac 

:. kt © tu/a .-. k © (x»/a)/c = ft , [9 

and V 6'c©ttr/a /. 6Vc©W .'. bWQvo/t, [Ac, 2d 

.\b'u(Dvo/c .-. ft©(w/c)/a, 

••• (w/c)/a=ft. Q. E. D. 

12. (Cor.) The existence of a product of two proper ideals, a and ft, 
depends upon the existence of an ideal XO such that tu © a and VO/VC © ft [viz. 
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from (x»/a)/b=C one finds M)r/C = all(ll)]; and if x» be a proper ideal, then 
the corresponding product, Rb , is a proper ideal. [8 

13. (Cor.) If it, b and (vo/'A)/^ = C be proper ideals, then 

My/u=bc=cb, My/b = ac=ca, w/c=ab=ba, (»r/a)/b=w/ab=c, ; 

i. e. a.bc = a.cb= b.ca = b.ac = jc.ab = c.ba = ab.c, .... 

14. (Cor.) Multiplication among proper ideals is associative and commu- 
tative ; i. e. every ideal that is a product of given proper ideals corresponding to 
one arrangement and association of the factors is also a product correspoiiding 
to any other arrangement and association of the factors. 

15. (Theorem.) If a/b © a/C, where b is a proper ideal, then jC © b. 
For let a/C = XI; 

then •/ (/^©a /. c©a/xi, 

and V a©a/b©ij .-. a/ij©a/(a/b) = b, [4d, 9 

.'. c©a/u®b. Q. E. D. 

16. (Cor.) If a/b= a/C, where b and jc are proper ideals, then b = JC. 

17. (Definition.) A System is an order whose integers a, b, c, are such 

that if a^'c © 6*, 

however large n may be, then a © 6. [Compare Part II, 18 

The propositions that follow have reference only to integers of a system. 

18. (Lemma.) If At © at , then kQa. 

For •.' H © at .-. ktf = atii 
so kti = a^, kt^ = a<8i • • • . , ^n— i =^ <^Kj [n = 1 , 2, 3, . . . . ad in/, 

• . ft V tyu^ . . • • v,^ .. 2 —— a ^f J . • . • r,j . • iv u — — a t^ , 
.'. Iiff Qa*, however large n may be; .*. fc © a. Q, e. d, [17 

19. (Cor.) If feff © at where t © H, then hQa. 
For V t0W .-. Jfet©^©at /. kQa. 

20. (Cor.) A primary ideal is a proper ideal. 

For let aO be a primary ideal, and let k be an integer such that t^ © a and 
tk/aQt; 

then •.• U/aQt .: tk®ta, {ig 

.'. kQa. Q. B. D. 

21. (Theorem.) If a © Ir, then kn/h = k (a/b). 
For let tt = kn/Toi, V = n/h ; 
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then V ub'OA^aand V a©t)r /. u'©^, [19 

/. (t//Aj)b©a .-. v!/k^K/h .-. tt®A;(a/b) = Aj», [2c, 2d 

and V i/ft©a /. A;i/b©Aa /. hXiQ)'kix/h = 1X, 

/. tt = Aj». Q. E. D. 

22. (Cor.) There exists, corresponding to any two proper ideals a and ft, 
a proper ideal that is their product. 

For •.• a'6'0 is a proper ideal divisible by a, 
and •/ a!h'/lX — V (a'/a) © ft, [21, 2c 

.-. a*V by {a'b'/n)/h is a proper ideal aft. Q. e. d. [12 

23. (Cor.) If a be a proper ideal, then kix is the proper ideal JcO/lX- 

24. (Theorem.) If a/C © ft/jC, where ft is a proper ideal, then a © ft. 
For let k be any integer of 6'a/ft ; 

then •.' A:ft © 6'a © C and •.• a © JC , ft © jC .'. A; (ft/jc) © V (a/c) , [21, 4d 

and •.• a/jC © ft/C .'. Jc © 6', i. e. fe'a/ft © V, [19 

.'. a ©ft. Q. E. D. [6a 

25. (Cor.) If a/jC = ft/jC , where a and ft are proper ideals, then a = ft . 

26. (Recapitulation.) The proper ideals of a system are duplicated by 
multiplication amongst themselves (22); multiplication and division conform to 
the ordinary rules of algebra (14) ; of the three related elements, product^ 
divisor^ quotient, any two being given, the other is unambiguously determined 
(4, 25, 16), while a © ft implies that a= ftc, and conversely, wherein a, ft, JC 
are proper ideals. 

27. (Definition.) Two ideals are Relatively Prime when every ideal* that 
is divisible by each is divisible by their product. 

28. (Solution of Problem 2.) If tix be the least common multiple of the 
proper ideals a and ft, then m/a and ttt/ft are relatively prime. 

For let k be any integer divisible by m/a and nt/ft , 

then V A«, A;ft©m .'. A;aft©ma, tttft .'. A;aft/m©a,ft, 

.-. kscb/m © m .'.A; © m^nb. q. e. d. 

(Conclusion.) If the primary divisor, actual or ideal, of all integers of an 
integer ideal a, and those only, be denoted by a, then such system of actual and 
ideal integers fulfils the fundamental principle of division, q. e. d. [II, 16, 9, 10 

* ^^ Proper " or ^^ primary ideal ^' may be substituted for the word ^^ ideal " in this definition without 
loss of generality. 

Voii-IX. 
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29. (Theorem.) If ft be a proper ideal and tCcQIff however large n may 
be, then a © ll . 

ForletfeVft=jfl; 

then ••• a'V0a'*C©ll^ 

.-. (a'c?)V©(d'b)*©6'» .-. a'dfQV, [17 

.-. }XGby& = h. Q. B. D. 

30. (Cor.) No ideal is divisible by an indefinitely great power of any 
other proper ideal than 0. 

For if c, =D*C, ©b*, however large n may be, 

.-. D©b /. h=a. Q. B. D. 

31. (Theorem). Any order is a system in which no ideal is divisible by an 
infinite number of ideals, and in which no fractional number a/b satisfies an 
equation a** + ^i^:*"^ + . . . . a = 0, whose coeflScients, ai, . . . . a^, are integers 
of the order. 

For let d^c © 6"; i. e., let cx=^c{a/b), ca?, . . . . ex* be integers, however 
large n may be. From the integers ex, .... form the series of ideals (ex, ex*), 
(ex, ex*, ex*), .... (ex, ex*, .... ex*), where, to explain the notation, the first 
ideal consists of all integers of the form ex.i^ + ex*.t;, u, v being any integers 
of the order ; then 

•.• the first of the infinite number of ideals so formed is divisible by all the others, 
.-. the series consists of a finite number of different ideals, [^JP- 

/. by taking s large enough we shall have 

(ex, ex*, .... ex*) = (ex, ex*, .... cx')> where <<C^; 
.'. ex* = cxui + ex*t«5i -|- . . . . cz*Ui , where % , . . . . u^ are integers of the order, 

.-. X is not a fractional number ; i. e., aQb. Q. B. d. P^yP- 

32. (Definition.) The Compound of two or more ideals, a, b, . . . • is the 
ideal consisting of all products, a'fe', .... between the integers of the given ideals 
and the sums of those products. 

The compound of a, ft ... . will be denoted by a X b X .... ; the com- 
pound of a, taken n times, by [a]*. 

(a). axftxc = ftxaxc= =:ax(Iixjc) = ftx(axc) = — ; 

[axft]"=[a]"x[b]^ 
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(6). The compound of two or more ideals is divisible by each of the ideals, 
(c). The compound of divisor and quotient is divisible by the dividend ; also, 
the compound of any number of ideals is divisible by any product of those ideals. 
{d). If a ft and 3E © S[, then axxOftx^i; in particular [a]"0 [b]^ 
{e). If there be any ideal c fiuch that C/a = b, then axb is such an ideal. 

For V axftOc /. axft/a0C/a=ft, [32c, Ad, hyp. 

and •.• ftxa0axft .'. ft0axb/a» [4 

.'. axft/a = b. Q. B. D. 

(/). The product of two or more proper ideals may be obtained by com- 
pounding them, when such compound is a proper ideal. 

{g). If ft be a proper ideal and [a]*XJC0 [ft]*, however large n may be, 
then a ft. 

For let 67ft =d; 

then ••• a'V [a]* X C [ft]*, [hyp. 

/. (a'dO V [d'ft]* 6'* .-. a'd'06', [32a, 32c, 17 

.-. a0feVjfl = ft- Q. E. D. 
COBNBLL Univebsttt, June, 1886. 



A Theorem respecting the Singularities of Curves of 

Multiple Curvature. 

By Henry B. Fine. 



In a paper which appeared in Vol. VIII, No. 2, of this Journal, I showed 
that any singularity, however complex, possible to an element of a point curve 
of double curvature may be completely defined by three singularity indices, 
xi, X,, x^. If Aq be the element and P^=^Aq + Ait + A^fi + etc. be the Grass- 
mann equation of the curve for its neighborhood, xi is the number of consecutive 
coefficients A^, J,, etc., congruent with Aq] x^, the number of consecutive coeffi- 
cients -4,j^2> • • • • linearly derivable from Aq and -^«, + i; x^, the number of 

consecutive coefficients ^,^^,^^. 3 linearly derivable from Aq, -4.,-f 1, -4^,+«^s. 

The point P^t is then distant an infinitesimal of the order ;ti + 1 from A^, an infini- 
tesimal of the order Xi + X2+ 2 from !4oA,+ii the tangent at A^, and an infini- 
tesimal of the order Xi+;c,+X8+3 from AqA^^^i, -i.^+^^+j, the osculating plane at 
Aq. In other words, the point ^0 of the singularity indices Xu x^, Xg is stationary 
to the degree x, , a point of contact of the order Xj + x, + 1 of the curve with 
its tangent, and a point of contact of the order Xi + x^ + x^+ 1 of the curve with 
its osculating plane. 

The singularities of curves of any degree of curvature whatsoever admit 
of similar treatment. Besides the singularities of which Xi, x^, x^ measure 
the degree, and which may be conveniently called singularities of the 1"S 
2* and 3* class respectively, there will be possible to a curve of (n — 1)^^® 
curvature singularities of a 4^'', 5^^, . . . . n*^ class also, in consequence of 
the n dimensionality of the space supposed. Let indices x^. . . . x^ measure 
the degrees of these additional singularities, and xi . . . .x^ will completely 
define the singularity of any curve point Aq. x^ represents the number of consecu- 
tive coefficients A^^^^^^^^^^. ... in the Grassmann equation, which are linearly 
derivable from Aq, A,+i, ^«,+,,+8, A, + ic,+., + 3; and x^, etc., have analogous 
meanings. 
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A curve of (n — 1)^'® curvature will be touched at every point, not only by 
a definite line and plane, but, when n]> 3, by a definite space of 3 dimensions, 
one of 4 dimensions, and so on to one of n — 1 dimensions also ; the tangent 8$ 
at any curve point -4^, for instance, being the S^ determined by any four curve 
points Pi, Pfj Pj, P4 in what is its limiting position when Pj, P,, Pg, P4 
are made, independently of each other, to approach A^. And the point A^ of 
singularity indices Xi. . . . x^j besides being stationary to the degree xi^ a point 
of contact with the tangent of the order 3«i + x$ + 1 , and with the osculating 
plane of the order Xi + «t + xg + 1 , is a point of contact of the order 
^1 + ^ + ^ + ^4+1 with the osculating /Si, etc. 

Again, if the system of osculating planes be taken as the elements of a 
curve of double curvature, one of these may be singular. This singularity, like 
the singularity of a point, is capable of definition by three indices. The first of 
these represents the number of consecutive coefficients congruent with the singu- 
lar element in the tangential equation of the curve for its neighborhood, and the 
other two have the same sort of correspondence to x^ and xg. 

In the paper already referred to, it was shown that the singularity indices 
of a plane element of a curve of double curvature corresponding to a point 
element of the singularity indices Xij x^, x^ are x^, x^, Xi. I wish now to prove, 
for a curve of any degree of curvature, n — 1, that x^^ «n-i» • • • • ^1 ^^^ ^^^ 
singularity indices of the osculating S^^i which corresponds to a point of the singu- 
larity indices Xi, x^i, . . . . x^. 

Let the equation P, = -^ + A^t + AJ^ + etc., referred hitherto to a system 
of coordinates consisting of any set of n + 1 linearly independent points, be 
transformed to the system E ^ ei, e^, . . . . e„, of which E \& A^ and ei, 6i|, . . . . e^ 
are unit vectors each at right angles to all the rest and so directed that Eci is the 
tangent line to the curve at A^^ EciC^ the tangent /Si, ... . EciC^ . . . . e^_i the 
tangent S^^i. It will become 

P, = E+ (ar + etc.) 61 + (/3<^ + etc.) e, + etc + {vf^ + etc.) e^ , 

where ai = Xi + 1 , 

Oit=Xi + X2+ 2, 



an=2xi + w. 



The thing to be especially noticed is that the sufficient and necessary condi- 
tions of point singularities of the various classes do, when the curve is referred 
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to the system of coordinates described, find full expression in oii, O), • . « . a«, 
the exponents of the lowest powers of t in the coefficients of ex, 6^, . , . . e^ 
respectively, in this equation; a^ — 1 being the index of singularity of class 1, 
a, — tti — 1 the index of singularity of class 2, etc. 

To demonstrate our theorem, therefore, it is only necessary to show that in 
the tangential equation of the curve for the neighboriiood of the osculating S^^i 
at A^ the successive exponents corresponding to 0, ai, o^, etc., are 0, a» — a«_i, 
a» — ot»-t, • . . . a^ — «!» a«; since, by a simple retracing of the above reason- 
ing, the index of singularity of class 1 of this osculating /S'„_i(we may call it cq) 
would then be a^ — a„ _i — 1 , i. e. x^ ; of class 2, {a^ — a»-«) — (<^ — <*n-i) — 1 » 
t. c. x^_i . . • . ; finally, of class n^ ql^ — (a» — ai) — 1 , i. e. Xx. 

But the tangential equation of the curve for the neighborhood of to is the 

product Pi . -J — * . -3 — - .... -:= ^ , as is easily inferred from the definition 

of a tangent S^^i, by getting the limit, as eft approaches 0, of the product 
Pt + ,,dt Pt+p^ ^/ + P»d* ' Expanding, we have 



dt^ ' dr« dr--^ 

any coefficient /»_^^(^) being the determinant of the coefficients of 



-^1 ^11 ^» • • • • ^n—J^li ^n— i + l» .... ^n 1^ -* e» 



d^t 

dt' 



, etc. 



As we are concerned only to determine what is the lowest power of t in each 
of these determinants, we write, instead of the elements themselves, the exponent 
of the lowest power of t in each element, and, after a simple reduction, have 

for/„.^)(0, 
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ot — ai 
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Og — o, . 
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. . . . a^«i tti 
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. . . . a^-i — ttg 

■ • • • • 
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The lowest power of t in /* _->) (0 is then the smallest of the sums, each of n 
elements, of the above array so token that no two are in the same row or 
column ; and this smallest sum is a^ — o; , as the following considerations show. 

It is indeed necessary only to demonstrate that a^ — aj is the smallest of 
the sums built in the manner described out of the elements of the minor f" \ for 
theno^ — ot^, plus the smallest sum of J, is a„ — o^, while complete sums which do 
not involve the sums of I must involve one of the numbers a„ — ai, a„ — %,...., 
a^ — «^-ir and any of these is itself greater than a^ — a^. For convenience, we 
substitute a, 6,c, etc., for o;, o/^i, etc., and write [" in the form 

h — a c — a d — a 






c — h 


d h 








d — c 












e — a 
e—b 

€ — C 

e — d 























. m 




a 






. m 
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c 






. m 




d 








• 
• 
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— 


I 



It is to be noted that any element is less than that following it in the same 
row, greater than that following it in the same column. The least sum in 

b — a c — a d — a 
c—b d—b 

d — c 

is obviously d — a. But from this it follows that the least sum in 



b — a 






c — a 
c — b 







d — a 

d—b 

d — c 





e 

€ 

e 

€ 



a 
b 
c 
d 



is e — a ; for e — d + the least sum in the minor of e — d is the least sum in 
which e — d occurs, and e — d + d — a = 6 — a; e — c + the least sum in the 
minor got by striking out the last two rows and columns of the determinant 
is the least in which e — c occurs, since this minor involves lower elements 
than any other that can be constructed out of the first two rows of the determi- 
nant, and e — c + c — a=6 — a; and e — 6 + 6 — a, the minor got by cancel- 
ing the last three rows and columns of the determinant, is the least in which 
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e — b occurs, and is again e — a. And, by the same method of proof, it follows 
that since the theorem holds for determinants of the orders 1 — 4, it holds for 
one of the order 6, etc. 

The exponent of the lowest power of t in the coefficient of any term, 

EeiC^ .... ej^i.ej^i e^, is therefore a,^ — aj, as was to be proved, that of 

^1^ • • • • «n ii^ particular being a,^. Calling Eeie^ .... ej^iSj^i . .. . e^, e^, we 
have, as the tangential equation of the curve, 
ei = €o + (a'r*---^ + etc.) si + {^'tr-^^ -«+ etc.) e^ + etc., {v'tr- +. etc.) e^ . 

Pbincbtok, August 10th, 1886. 



A Note on Pencils of Conies. 



By Henry Dallas Thompson. 



Let the eight points in which a conic intersects a qiuirtic be divided into ttoo 
groups of four J and a conic he passed through each group : the two residual {four* 
point) groups lie on a conic. 

Cayley's Theorem : A curve, /,= 0, is cut by another, ^^=0. The curve 
$j^=z (where M^=^ m + n — f^, with /^= 1, 2, 3 • . . . n or m), which passes 

through mn o" 0^ — ^)(i^ — ^) ^^ *^^ points of intersection of /^ = and 

^^=z 0, will also pass through the remaining -n" (i^ — l)(i^ — 2) points, unless 

these determined points be on a curve of the {^i — 3)*^ order.* 

Let n = m = M^=^ /^ = 4 ; then, if a quartic be cut by a quartic, the quartic 
through thirteen of the points of intersection passes through the remaining 
three points. 

Let 4>4 = and <I>4 = each degenerate into a pair of conies. Then, if 
through a quartic (/) a conic (4>) be passed, and through each of the two four- 
point groups of the points of intersection a conic (4>) be passed, the remaining 
eight points of intersection of the two latter conies (4>) with the quartic lie on a 
conic (<I>). For, through the remaining four points of the one conic and one of 
the remaining points of the other passes a conic (<I>) . This, with the first conic 
($), will pass through thirteen of the points of intersection of /=0 and 4) = 0; 
hence, also, through the remaining three points, unless these three points lie on a 

* Cayley 's Theorem : Cambridge Math. Journal, m, 211. Cayley overlooked the exoeptional case 
mentioned. This case was discussed and completely disposed of by Bacharach : ^^ Ueber Schnittpunkt- 
system Algebraischer Curyen." Inaugural Dissertation, Erlangen, 1881. Also, ^^ Ueber denCayley'- 
sohen Schnittponktsate." Math. Ann. XZVI, p. 276. 

Voxn IX. 



186 Thompson : A Note on Peiidh of Conies. 

straight line (C^^.j); but this is impossible, as these three points lie on a 
conic (<^) .* 

(If one of the ^^s degenerates into a pair of straight lines, the four points 
of one of the first point-groups cannot be taken except two and two on each 
line. Hence the four points of the corresponding latter point-group must also 
lie two and two on each line, so that the theorem holds where the conies 
degenerate.) 

The following are particular cases : 

If any two conies have each double If any two conies have each double 
contact icith a third conic, then any two contact with a third conicy then the eight 
of tlie pencil of conies through the four tangents, which any two of the pencil of 
points of contact intersect the two tangent conies touching the four tangents of con- 
conies in eight points which lie on a conic tact have in common with the first pair^ 

touch a conic. 

For the two tangent conies may be taken as the original quartic (/) , and 
the two conies of the pencil are the cutting curve (4)), and through eight of 
the points of intersection (four of contact) passes the other conic (*),t leaving 
the remaining eight points of intersection to lie on a conic (4>). 

Let four tangents be drawn to any conic, and, at the four poinis of contact, let a 
pair of doubly tangent conies be drawn; then the eight points of intersection of these 
two tangent conies icifh the tangent lines lie on a conic. 

TaJce any four points on a conic {or pair of lines). Let a pair of conies, tangent 
at these four points, be draicn ; then the eigJU intersections of this pair of conies with 
a pair tangent at these four points, grouped differently, lie on a conic. 

If at each of two pjoints on a conic, a conic be drawn with contact of the third 
order, and if a pencil of conies be taken touching the original conic in both of the 
points, then any pair of this pencil will intersect the conies with third order of contact 
in eight points lying on a conic. 

♦This may be proved directly from the Riemann-Roch Theorem, g = Q — JV'+r, where g is the 
mobility of point-group, Q number of points in the group, Nzz^ (n — l)(n — 2) , and r is the number 
of linearly independen t curves of the (n — 8)th order through the group. In the case under considera- 
tion, A'= 8, let g=0 and assume r=0; hence Q= 8. Ifr=il,§zz2. 

t It is obvious that the determining conic ^ does actuallj pass through eight of the points of- inter- 
section of/a|id ^. For, take the pair of conies of the pencil as each through a different foar*polnt 
group on the third conic. The case considered is that when each point of one g^oup becomes infinitely 
near to one of the other group. 
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Let any four points on a conic lie tvx> 
and two on a pair of lines, and at the two 
points of intersection of one of tliese lines 
let a conic be taken doubly tangent to the 
original conic, and let another conic be 
taken through the four points ; the last two 
conies will intersect again in two points 
collinear with the point of intersection of 
the two lines. 



Talce four tangents to any conic. Let a 
conic be taken tangent to the conic at two 
of the points of contact of tangent lines ; 
let another conic be talccn touching the 
four tangents; the last two conies will 
have two oilier common tangents which 
are concurrent with tlie join of the point 
of intersection of the ttco tangents taJcen 
and the point of intersection of the other 
tioo tangent lines. 



For, in the figure, let IH and AF be the two lines taken ; IHE the tan- 
gent conic, and IHAFK the last conic. The tangents at the points / and H to 
the original conic intersect the last conic in Fand T. The two last conies 
intersect in -ff'and E. Join H and E, H and A, E and K, F and /, -ff'and /, 
Fand T. 




Then, by Pascal's Theorem :* 

a). The polygon in the tangent conic being IK, KE, EH, tangent at H, 
HI, tangent at /, the join of L and M, IH ^n^ KE are concurrent. 

6). The polygon in the conic IHAFK h^mg VT, TI, IK, KE, EH and HV, 
the join of L and M, VT and KE are concurrent. 



Vide Cremona : Projective Geometry, Chap. XVI. 



188 



Thompson : A Note on Pencils of Conies. 



c). The polygon in the original conic being IF, FA , AH, tangent at ff, HI, 
and tangent at /, the join of JVand W, IE and FA are concurrent. 

d). The polygon in the conic IHAFK being VT, TI, IF, FA, ^5^ and EY, 
the join of ^and W, FT and -4^ are concurrent. 

From a) and 6) YT, IE and KE are concurrent. From c) and d) YT, IE 
and FA are concurrent. Hence IE, KE and FA are concurrent. 

If, at the two points of intersection of the other line {FA), a doubly tan- 
gent conic be taken and another conic be passed through the four points, the 
eight points of intersection of the tangent conies with the two of the pencil 
(lying on a conic) lie two and two on four lines concurrent with the two joins 
taken of the original four points. 



• Any two of the 'pencil of conies through 
four points cut the tangents at these points 
to a third conic of the pencil in eight 
points, which lie on a conic having the 
same Conjugate Triad with tlie original 
pencil of conies {i. e, the vertices of the 
quadrilateral through the four points). 



Any two of a pencil (line) of conies 
touching four lines have eight tangents, 
which pass through the four points of 
contact of another one of the conies of tJie 
pencil with the four lines. These eight 
lines touch a conic having the same line 
Conjugate Triad with the original pencil. 



For if successive pairs of the tangents at the points /, E, A and F (in the 
preceding figure) be taken as the tangent conic, the figure will be symmetrical. 
Hence the join of any two of the eight points which are taken on the same tan- 
gent conic will pass through t)ne of the vertices of the quadrilateral lEAF. 

The eight-point conic can degenerate only when two points from both 
of the cutting conies are coUinear with one of the vertices of the quadrilateral 
through the four points of contact. Hence, 

Tlie conic through the eight pioints of intersection of the tangents to, with two 
pairs of the joins of, four points on a conic cannot degenerate. 

In this latter case the eight points lie on a conic by the first extension of 
Pascal's theorem. For the four tangents and two pairs of joins form a polygon 
of eight sides in a conic, the tangents being alternate sides. Hence the external 
points of intersection of tangents with joins lie on a conic. 

Pbincbton» April 14, 1886. 



Observations on the Generating Functions of the Theory 

of Invariants. 

By Captain P. A. MacMahon, R. A. 



The source of a covariant is usually understood to be the literal coeflScient 
of the highest power of x; the continuous performance of a certain operation 
produces the remaining coefficients in succession. 

The coefficient of the highest power of y has an equal claim to be consid- 
ered a source, since the remaining coefficients are derivable by the similar per- 
formance of another operation. Moreover, if /(oq, ai, o,, . . . .) be the a-source 
of a quantic of order p, then will the corresponding y-source be 

/(^p-o» «p-.i» «p-«» ••..)• 

We see that a covariant is a perfectly symmetrical form ; it is thus proper 
to keep both ends of the covariant in view in any investigation of the nature 
of sources ; and, in particular, this is important when laws are being enunciated 
in regard to the number of sources of any specified type. Consider, as usual, a 
quantic of order jT, and, in connection therewith, algebraic forms of weight — tr, 
degree — i and of extent J at most ; say these forms are of type (ti? , i , j) . We 
may discuss a-sources or y-sources of this type, or we may have regard to inter- 
mediate coefficients, which Sylvester,, in the Phil. Mag. for 1878, called differen- 
tiants, so many removes from x or y; thus the coefficient of the highest power 
but jp of ar, in a covariant, would be a differentiant, p removes from x, and e—p 
removes from y, where e is the order of the covariant. In seeking the number 
of x-sources of type (to, i,/), we have to count the number of partitions of w 
into i parts none greater than y, and also the number of similar partitions of 
w — 1 ; subtracting the latter number from the former, a number is obtained 
which, if It be positive, is the number of x-sources of the type in question ; but 
if this difference be negative, it has, as regards cr-sources, no interpretation. 
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To each x-source corresponds a y-source which satisfies the partial differ- 
ential equation 

jhd,+ U- ^)cd,+ {J-2)dd,+ .... 

If the x-source be of type (ic, i,j), the connected y-source is of type 

{to+ji—2w, i,y)=(yi— tts i,y), 

and there will be intermediate coefficients y^ — 2w — 1 in number whenever this 
number is non-negative ; these will be of types 

(m;+ 1, i,y), 

{w+ 2, t,y), 



(yi— u? — 1, t,y), 

respectively. 

Had we, ab initio, sought the number of y-sources of type {Ji — w, i,j), 
we should have written down the terms of this type, each attached to an arbi- 
trary coefficient, and, by operation of the y-source annihilator, have obtained a 
set of equations between them in number equal to the number of terms of type 
{ji — 10+ 1, i, j). Assuming the non-existence of syzygies connecting these 
equations, the number of y-sources of the given type would be the difference 
(when positive), [ji — w'jijj] — [Ji — w+l,iy y] , 

wherein [tr, i,y] denotes the number of partitions of type (u?, t,y). 

We have, as a known theorem of partitions, 

[t^y] — [t^ — 1 , t , y] = [Ji —w,i, y] — [y^ — ti? h- i , ? , y] , 

from which the conclusion is that no syzygies exist between the foregoing set of 
equations, and that, as a fact, the number of y-sources of type {w — 1 , i , y) is 
precisely [t^ — 1 , t , y] — [w\ t , y] , 

when this number happens to be positive. 

If [ti?— 1, t,y] = [t^, *,y], 

there exists neither an a-source of type 

{w,i,j) 
nor a y-source of type {w — 1 , i , y) . 

There may, however, exist intermediate coefficients of either type, since the 
dexter sides of the equations arrived at will, in general, not be zero. 

We are now in a position to give a more complete statement of the Cayley- 
Sylvester theorem under discussion. 
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New Statement of Theorem. 

The number [^ » ^ > •/] — [^ — 1 > *\ i] 

is, when positive, the number of sc-sources of type (tr, i,/); whilst, when 

is positive, it denotes the number of y-sources of type 

(to— 1,1, y). 

This is equivalent to saying that the coeflBcient of a;* in the ascending expan- 
sion of 1 -r-x^'^^y 1 — x^"^* 

is, when positive, the number of cc-sources of type {w, i,/); whilst, when in the 
same expansion the coeflBcient of — x^ is positive, it denotes the number of 
y-sources of type {w — 1, i,j). 

It is somewhat remarkable that this explanation of the complete expansion 
of the generating function, simple and fundamental as it is, appears to have 
hitherto escaped the notice of writers on the subject. 

It will now be clear that we may write 

Ay, being a positive number and denoting the number of sc-sources of type 

We may put x = cosh ^ + sinh ^ , 

and then »' + a""' = 2 cosh s^ , 

a* — »""'= 2sinhfi^, 
leading to the identity 

sinh — (y H- 1)4) sinh _ (y + 2)<^ sinh — {J + i)^ 

= ^^,c sinh ~-(yiH- l — 2w)^i 
or, writing V — 1'^ for ^, so that 

sinh ^ = V — 1 sin o^ , 



192 MacMahon : Observations on the Generating Functions, etc. 

we have also 

sin — (y + 1)^ sin — (y + 2)a^ sin — {j + i)^ 



3 . 1 . 

sin '4/ sin — 'J' ... . sin — i^ 
Ji It 



= ^^ sin i- (yi+ 1 - M^. 



In a certain sense the left-hand members of these two identities are pure 
generating functions in the theory, since they are omni-positive in development 

A^ may be represented as the coefficient in a Fourier series, its value as a 
definite integral being 

^sin — (y+l)i|/ sin — (yH-t)i|/ 

i-l 1 ^ sini-(yi+l-2u;)a^rf.^. 

Sin -If/ .... sm —- iif/ 



On the Transformation of Elliptic Functions. 



By PaoFESsoR Cayley. 



The algebraical theory of the Transformation of Elliptic Functions was 
established by Jacobi in a remarkably simple and elegant form, but it has not 
hitherto been developed with much completeness or success. The cases n = 3 
and n= 5 are worked out very completely in the Fundamenta Nova (1829); 
viz., considering the equation 

Mdy d^ 

VI — y«.l— >iy ~ VI — xM — i*x» ' 

(A; = t«^, X = t^; say this is the MT^ ovMuv-ioTm) Jacobi finds in the two cases 
respectively, a modular equation between the fourth roots w , t? , say the wt?-mod- 
ular equation, and, as rational functions of t^, t?, the value of if and the values 
of the coefficients of the several powers of x in the numerator and denominator 
of the fraction which gives the value of y\ but there is no attempt at a like 
development of the general case. I shall have occasion to speak of other 
researches by Jacobi, Brioschi and myself; but I will first mention that my 
original idea in the present memoir was to develop the following mode of treat- 
ment of the theory : 

In place of die if AA-form, using the pa/i^-form 

dy pdx 

VI — 2^y»+j^~ VI — 2aa?H-ay* 

(I write for greater convenience 2a, 2^3 in place of the a of Jacobi and Brioschi 
and the ^ of Brioschi), we can, by expanding each side in a series, integrating 
and reverting the resulting series for y , obtain y in the form 



y = pa; (1 + 11^7? + n^a^H- ), 



Vol. IX. 
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where FIi, IIj, ELg, .... denote given functions of p, a, /3.* Taking n odd and 
= 2« + 1 , we assume for y an expression 

_ x {A, + A,_ix' + Ai3^-* + a?^ 

where the last coeflBcient -4, is at once seen to be = p. Comparing with the 
series-value y = px(l + W^^'^^i^^'^ ....), we have an infinite series of equa- 
tions. The first of these is, in fact, -4, = p; the next (« — 1) equations give 
linearly -ij, -4,, . . . . A^^^ in terms of the coefficients W\ that is, of p, a, ^: the 
two which follow serve in effect to determine p, j9 as functions of a: and then, 
p, /? having these values, all the remaining equations will be satisfied identically. 

The process is an eminently practical one, so far as regards the determina- 
tion of the coefficients ^ii, ^|, . . . . -4,-i as functions of p, a, /3; it is less so, 
and requires eliminations more or less complicated, as regards the determination 
of the relations between p, a, /?. As to this, it may be remarked that the 
problem is not so much the determination of the equation between p and a (or 
say the pa-multiplier equation, or simply the pa-equation), and of the equation 
between /?, a (or say the a/?-modular equation, or simply the a/3-equation), as it 
is to determine the complete system of relations between p, a, ^\ treating 
these as coordinates, we have what may be called the multiplier-modular-curve, 
or say the MM-curve, and the relations in question are those which determine 
this curve. 

In the absence of special exceptions, it follows from general principles that 
the coefficients ^ii, ^s* • • - - ^«~u 4^^ rational functions of p, a, /3, must also 
be rational functions of a, j9 or of a, p; and I think it may be assumed that 
this is the case ; the method, however, affords but little assistance towards thus 
expressing them. 

In connection with the foregoing theory, I consider the solutions of the 
problem of transformation given by Jacobi's partial differential equation (Suite 
de Notices sur les Fonctions elliptiques: Crelle, t. IV (1829), pp. 185-193), and 
by what I call the Jacobi-Brioschi differential equations. The first and third of 
these were obtained by Jacobi in the memoir, De functionibus ellipticis Commen- 
tatio: Crelle, t. IV (1829), pp. 371-390 (see p. 376); but the second equation, 
which completes the system, was, I believe, first given by Brioschi in the second 
appendix to his translation of my Elliptic Functions : Trattato elementare delle 
Funzioui ellittiche : Milan, 1880. I had, strangely enough, overlooked the great 
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importance of these equations. I shall have occasion also to refer to results, 
and further develop the theory contained in my memoir, On the Transformation 
of Elliptic Functions: Phil. Trans., t. 163 (1873), pp. 397-466, and the addition 
thereto : Phil. Trans., t. 188 (1878), pp. 419-424. 

I remark that while I have only worked out the formulae for the cases n= 3 
and n= 5, and a few formulae for the case 7i= 7, the memoir is intended to be 
a contribution to the general theory of the paj3-transformation ; I hope to be 
able to complete the theory for the case n = 7 . 

Comparison of the MkX- and pa^-Forms. The Modular and Multiplier Equations. 

Art. Nos. 1 to 12. 

1. The equation 

Mdy dx 



VI — yM — /V VI — xM — Jfc'x'' 
if we write therein ^ x y jr^ 

becomes Mdy dx 

t^Vl— (t;* + t;^*)y'+'y* ~ tiVl — (u*+u-*)a? + a?* 
viz., this is dy pdx 



V.l — 2^y' + y* Vl — 2aa;«H- a?* ' 



% 



' u* ' ^ ^ v^ ^ vrM 

2. We have a t^-modular equation, and, as shown in my Transformation 
Memoir, p. 450, this may be converted into a teV-modular equation ; in particu- 
lar, n = 3 , the equation is 

y* + 6a:»y*+ a*— 4a;y (4a:*/— 30*— 3^ + 4) = 0, 
where x, y denote t^*, v* respectively ; say the equation is 

F{x, y), = x''\r^{- 16y«+ 12y) + a? (6/).+ a;(12/- 16y) + y\ = 0. 
Prom the equation F{x, y) = 0, we derive 

x-^F{x,y).x-^F{x,y-^) = 0) 
say this is 

(^la* + 5a; + C + J>x-^ + Ex-*){A'7? + 5'a + C" + Dx-^ + E'x-*) = 0, 
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viz., the equation is 

whei-e, by reason of the symmetry of F{x, y), the coefficients AA', EE' of 
a*, »"*, those of a', x"^^ etc., have equal values; the form thus is 

where «*+»""*» a^' + a"', cb* +«""*, are given functions of x + a;~\ = 2a; viz., 

we have x +a;~^= 2a, 

a*+x-*= 4a»— 2, 
a^+x""^::: 8a'— 6a, 
^4+x-* = 16a*— 16a*H- 2, 

and the coefficients ^, |B, . . . . are in like manner expressible as functions of 
y + y-\ = 2^'j thus we have |i. = 1 , ^ = AB + A'B 

= - Uiy'+y-') + 12(2/ + y-i), = - 16 {8^'- 6/3) + 12. 2/?; 

or, finally, fj = — 128/3'+ 120/3; and so for the other coefficients. The numer- 
ical coefficients contain, all of them, the factor 16; and, throwing this out, we 
obtain (n = 3) the a/3-modular equation in the form 



a* 



^' 











4- 1 




_ e4 




+ 60 








-186 




+ m 




4- 60 




— 64 




+ 1 




+ 193 




— 192 



= 0, 



+ 1 —4 4-6 



4 4-1 



where observe that the form is symmetrical as regards a, /3; and, further, that 
the sums of the numerical coefficients in the lines or columns are the binomial 
coefficients 1, — 4, +6, — 4, +1. Observe, further, that the sums in the 
direction of the sinister diagonal are — 64, — 64, + 320, — 192; viz., dividing 
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bj — 64, it thus appears that, writing j9 = a, the equation becomes 

that is, (a»— l)»(a» + 3) = 0. 

Again, writing /3:= — a, then dividing by 16, the equation becomes 

4a«— 19a* + 28a*— 12 i 0; 

that is, (4a»— 3)(a»— 2)» = 0. 

3. So also, n = 5 , we have the ttV-modular equation in the form 

SB* + 666xy + 655a?i/ + y* — 640a!*2/* — 640aj*y* \ 

+ a^(— 256 + 320»»+ 320^— 70a;*— 660»»y»— 70/ [■ =0; 

+ 3 20xV + 320x»y* — 256aV) ) 

and in precbely the same manner we obtain the aj^-modular equation; viz, 
(casting out a factor 64), this is 

/3« /3» P* /?»/?» /8 1 















4-1 




— 4096 




+ 6400 




— 2810 








-h 69120 




—172785 




4-108680 




+ 6400 




—188140 




4-126720 








—172786 




4-276480 




—108680 




— 2810 




4-126720 




—124416 




4-1 




+108680 




—108680 







= 0, 



4-1 — 6 4-15 



20 4-15 — 6 



4-1 



where the form is symmetrical as regards a, /?; the sums of the numerical 
coefficients in the lines or columns are 1, — 6, +16, — 20, +15, — 6, +1. 
The sums in the direction of the sinister diagonal all divide by — 4096; viz., 
throwing out this factor, we have for /? = a the equation 

a^o_ 20a«+ 118a*— 180a*+ 81a* = 0; 
that is, a* (a» — l)*(a* — 9)* = . 

If /?= — a, the coefficients divide by 64; and throwing out this factor, the 
equation is 64a^^+ 880a®— 3247a*+ 3600a^— 1296a*= 0; 

that is, a*(a*+ 16a»— 16)(8a»— 9)*= 0. 
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4. We have a ifi^multiplier equation of the form Ff—, 2ti* — 1^ = (see 
Memoir, pp. 420-422), but We cannot, by the preceding formulas, deduce thence 
a pa-multiplier equation ; in fact, writing therein T/= = -j > the resulting equa- 
tion ia Ff-^j 1 — 2t^M = (J, which is a pa-multiplier equation only on the 

assumption that 1 — 2t^®, w* and v* are therein regarded as given functions of a . 

But it is very remarkable that the pa-equation in fact is -^(p, a) = . To prove 

this,, assume that the equation 

dy pdx 

Vl — 2^y« + y*~ Vr^2ai»+^ 
has a pa-multiplier equation ^(p, a) = 0. Starting from the equation 

Mdy dx 

we may, by effecting on each side a quadric transformation, convert this into 

dff M-'dx 

VI — 2(2c»— l)y» + y* ~ V 1 — 2 (2w»— 1) «« + rr* ' 

and this being so, we have, between M"^ and 2w' — 1 , the relation 



<i' 2««-l) = 0; 



or, conversely, if this be the form of the ifu-multiplier equation, then the 
pa-multiplier equation is -F(p, a) = . 
5. The quadric transformations are 



_ VI— x» _ vr=rp 

We have then only to show that 

dx dx 



VI — 2(2u'— l)a?H-a^ Vl — x«.l — ifeW' 

for then, in like manner, 

d^ dy 

VI — 2(2t^— l)y»-f.j^ ~ A/l — fA—Xy ' 

and we pass from the assumed differential relation between x, y to the above- 
mentioned differential equation between x, y. 
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6. For the quadric transformation between », x, write 

e^=Jc — iJ(f, r* = A; + tA^ 
f whence also 6 = , ^ j, and therefore ^ 

e*+ 0-*= 2A;, + r^ = 2J^—2Jcl*= 2(2P— 1), = 2(2w«— 1); 
we have 

and similarly, 

Consequently, 

(l-ea^)(l-d-V) = l-2(2tt«-l)a^+x*= ^i^i^^i^ (1 -2*'x»+Ai'x*)»; 

1 



or say Vl - 2(2w»- l)a:»+a;*= ^ir^^ts^x*) - 2^x»+A?x*). 

Moreover, <Zx = ^*n_j,*^in_j^i^i (1 — 2**x»+A?x*) , 

and thence the required equation 

dx dx 

VT=^(i"^^2i?) j?+V " */l — x\l — l^'' 

this completes the proof. 

7. Thus, referring to the ii/u-equations given in the place referred to, we 
obtain the following pa-niultiplier equations : 

n=3, p*— 6p*— 8ap— 3 = 0. 

This may be written in the forms 

8ap =p*— 6p* — 3, 

8(a+l)p = (p-l)»(p + 3), 
8(a-l)p = (p+l)»(p-3). 

n= 5, p«— 10p»+ 35p*— 60p»+ 55p»+ (38 — 64a*)p + 5 = 0. 

This may be written in the two forms 

6 4a*p = (p» — 4p — 1 )»(p* — 2p + 5) and 

64(a»-l)p=(p-l)»(p-5). 
n= 7, p"— 28p*— 112ap'— 210p*— 224ap» + (— 1484 + 1344a*)p' 

+ (—560a + 512a») p + 7 = . 
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8. The relation between p and |8, or say the p|3-multiplier equation, may be 

obtained by a known property of elliptic functions ; viz., writing fxr = =b n 

(sign is — for n = 3 , n = 7 , or generally for any prime value 4p + 3 , and 

it is + for 71 = 5 and generally for any prime value =:4/)+l)» then we 

g 
have between cr, B the same relation as between p, a. Thus, n= 3, (r = , 

for p, a writing (T, |3, the equation is o^ — 6(t* — i^a — 3 = 0; or, as this may 

be written, p* + S^Sp' + 1 8p' — 27 = ; 

and so for the other cases ; but it is perhaps more convenient to retain the a ; 

thus, 71 = 5 Tcr = — j , we have 

a»_ 10(J»+ 350^— 60(t'+ 55<T*+ (38 — 64^3*) <T + 5 = 0. 

9. We are hence able to express ^ as a rational function of p , a . We, in 
fact, have 

8a=— (p»— 4p — lVp»_2p+5, 8^ = — -^(o*— 4a— iVo*— 2a + 5 

(the signs must be opposite), and then for cr, substituting its value = -?- «^^d 

observing that a* — 2(T + 5 is thus = -^ (p* — 2p + 5), we find 

/9 _ p>H-20/> — 25 
a ~ p^(p^—4p — l)\ 

which is the required formula. 

Observe that for p = (T =\/5 , the formulas with the sign — , as above, give 

|8 = — a , whereas with the sign + they would have given ^ = a . For the 

value in question, p =V5, the equation 64a* = — (p* — 4p — l)*(p* — 2p + 5), 

r 

gives 64a* = -^ 16 (1 — V5)*(10 — 2V5); 

that is, a*= 4^(3— V5)(5— V5), =(3— V6)(V5— 1); that is, a«= —8+4^/5, 

or a* + 16a* — 16 = 0; it appears, ante No. 3 , that this value belongs to the case 
|8 = — a and not to ^3 = a. 

10. But there is another way of arriving at a formula containing ^. Start- 
ing from Jacobi's equation 
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From the equations 

64 (a'- 1) = ~ (p - l)»(p - 5) , and 8a = ;^ (p»- 4p - lKp»+2p-5 
we have 



mada_ 5{f^-4p-l)df> ^^ thence i^ ^ 



6d/> 



/>(/> — 1)(/> — 5) «*— 1 (^ — !)(/> — 5 V/> (^/ — 2/> + 5) • 

Similarly, observing the - sign of 8/3 , i^ = (^_i)(^_^^^^,^ ^^^ . 

whence, substituting for a its value = — , we have 

16rf/3 p^ p^ 16da_ 

T^i - (^>_l)(/>_5) V/> (/- 2.0 + 5) ' ~ T • i^=n ' 
which is right. 

Connection of the MTck- and pa^- Tfieories. Order of Modular Equation. 

Art. Nos. 13 to 18. 

13. In the Transformation Memoir, starting from the equation 

1— y_ 1 — x/P— §xV 



1+y 



l + x\P+QxJ' 



I sought to determine the coeflBcients of P, Q by the consideration that the 
relation between x, y remains unaltered when x, y are changed into t— , -j- 

respectively. This comes to saying that when for x, y we write — r- , -^ 
respectively, the relation between a, j/ presents itself in the form 

^ ~ Ao + Ai:x? + A^ 

(s=^ "o" (^ — 1) » ^ before J . For instance, (n = 7) , P = a + yx*, Q = ^3 + 3x*. 

If, solving for y , we then for x, y write -j , -^ , we find 
_ p»tt-«a! {(g' + 2afi) + (2ar + ^ + 2a3 + 2^)a!«tt-< -\-(f-{- 2^S + 2r3) ahr*+ 3'g'u-"} , 

and comparing this with 

^ At + AiS^+A^ + A^ ' 
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we have for each of the coefficients A two different expressions, and equating 
these and making a slight change of form, we obtain the relations between 
?i, t?, a, fij y, 3 used in the Memoir. Thus, 

^= a* = t;H*-"a», Ai = t^tr-^« (y» + 2^85 + 2y5) = u'^{2ay + (3^ + 2a^\ etc.; 

in the Memoir, A;(= u^) is used instead of u, and XI (= u'w*) instead of t?, and 
the equations thus are 

T^o? - ah\ 

h{2aY + 2a/? + /?*) = n(/+ 2y5 + 2/?5), 
y*+ 2/3y + 2a5 + 2/35 = nA;(2ay + 2^y + 2a5 + jS*), 

a»+2y5 = IlA:»(a»+2ai8); 

viz., these are the equations p. 403. The idea in the present Memoir is that of 
considering the coefficients A in the stead of a , ^ , . . . . 

14. We have here, and in general for any odd value of n, equations of the 
form 

y^i, — ; TV — VI — • • • • » 



U' 



where Z7, T, . . . . , U\ F', . . . . are quadric functions of the coefficients a, /3, y, . . . . , 
and these equations serve to establish between A and k a relation called the 
IlAvmodular equation, and which is in regard to £i of the same degree as the 
t^t^modular equation is in regard to v. Leaving out the equation (n=), we 



have 



U, F, W , 

U\ F, TF', . . . . 



= 0; 



and to each system of values of a, |8, y, 3 .... (or say of their ratios) given by 
these equations, there corresponds a single value of fl; the number of values of 

n, or degree in H, of the H/oequation is thus found as = (n + 1) 2*^**""'^ This 
is far too high ; forn= 3, 5, 7, . , . . the degrees are 4, 12, 32, . . . . ; those of 
the proper IlA>equations are 4,6,8,.... 

15. I showed, or endeavored to show, that in the case n = 6, the extra- 
neous factor was {£i — 1)*, (il — 1=0, the fMj-modular equation belonging to 
n = 1 , for which the. transformation is the trivial one y = a;) , and that in the 
case n = 7, the extraneous factor was {(H, 1)*}*, ((H, 1)*= 0, the IM^-modular 
equation for the case n = 3) ; generally the extraneous factors seem to depend 
on the flA;-functions for the values n — 4, n — 8, etc. The ground for this is 
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that in the assumed formula for any given value n, we may take P, Q to con- 
tain a common factor 1 ± kx* T observe that to a factor pr^ this is unaltered by 

the change x into -r— , viz. it becomes t-^ (1 ± fac*), a condition which is neces- 
sary \ and we thereby reduce the equation to 

1-y _ 1-x /F-£x Y 
l+7~l + x\P+gxJ' 

in which equation the degrees of the numerator and denominator are each 
diminished by 4, and the equation thus belongs to the value n — 4. 

16. I remark here that in the case of n an odd prime, the degree of the 
modular equation is = n + 1 ; hut for any other odd value the degree is 

&{n), =71^1 H Vl + jr)* • • • f where a, 6, ... . are all the unequal prime 

factors of n; thus, n=:a% the degree is a'fl-\ j, =o'~'(a + l). In the 

case of a number n = abc . . . . , without any square factor, the degree is 

abc (l +4"X^ +t)(^ "*"") , = (a+l)(6 + l)(c+l) , the sum 

of the factors of n. We have 

&{n) = coeff. a;" in 2^(a:'), 
where ^ = a: + 3a;*+6a!^+ = ^ _jiJ » 

and the summation extends to all odd values of N having no square factor ; thus, 

^(a?) = a; + 3a!» + 5a!» + 7a;' + 9»»+ llai"+ 13x"+ 15aj". . . . 

^(x») = la;* + 3x» + 5a;», 

4>(a;») = la* + 3a;», 

^(a;») = Ix' 

^(aF)= la;»> 

4>(a;")= la;" 

<?►(«*')= la;", 



^^{x^) = z+Aa^+6a?+Sx'+ 12a;'4- 12*"+ 14«'»+ 24z*» 
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17. Supposing that the reduction is completely accounted for as above, then, 
to obtain the numerical relations, the numbers 1, 4, 12, 32, .... (n + l)2^^*~'^ 

have to be expressed linearly in terms of .1 , 4, 6 , 8 . . . . (/(w) , viz. (n +1)2*^*"'^ 
as a linear function of (/(n), &{n — 4), ^{n — 8), . . . . , and we have 

1=1, 
4=4, 

12= 6 + 6.1, 

32= 8 + 6.4, 

80= 12+6.6 +32.1, 

192=12 + 6.8 +33.4, 

448 = 14 + 6.12 + 33.6 +164.1, 

1024=24 + 6.12+33.8 +166.4, 

2304=18 + 6.14 + 33.12+166.6 +810.1, 

5120=20 + 6.24 + 33.12+166.8 +817.4, 

11264 = 32 + 6.18 + 33.14 + 166.12 + 817.6 + 3768.1, 

24576 = 24 + 6.20 + 32.24 + 166.12 + 817.8 + 3778.1, 



but it is of course very doubtful whether these relations have any value in 
regard to the present theory. 

18. In the same way that, by assuming a common factor, 1 + A;x', in the 
values of P, Q, we pass from the case n to the case n — 4 , so, by assuming a 
common factor, 1 + a:^, in the numerator and denominator of the expression for 
y in terms of x and the coefficients B , we pass from the case n to the case 
n — 2. Contrariwise, in the solutions given by the Jacobi-Brioschi differential 
equations and by the Jacobi partial differential equation, the solution for a 
given value of n does not thus contain the solution for an inferior value of n ; 
see post Nos. 36 and 43 . 

I pass now to the theory before referred to. 

The Development y = px(l + UiQ? + II|a;* +....). Art. Nos. 19 and 20. 

19. Starting from the equation 

dy pdx 



VI — 2i9y»+y* Vl — 2ax» + aj*' 
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and writing for shortness 

1 1 



3 






(viz., save as to the exterior factors -^ , -^ , . . . . , jRx> ^^f • • • • «^re the Legen- 
drian functions of a, and Si, S%^ . . . . the Legeudrian functions of ^9), we have 

dy(l + 3/%»+5/S;y*+ ) = pdx(l + 322ia?+5i2|a*+ ), 

whence integrating, so that y may vanish with x, we have 

y + /Sy + /S«y^+ . . . . = p(a + i2ix'+ ii^+ • • • .)» 
say this is = t^* 

20. We then have y^^-n — fy where fy = /Siy' + /^ly* +...•, and thence, 
expanding by Lagrange's theorem, 

we have /» = i^«?+ /Sia»+ iS',«'+ S^v? -^ 

and thence fu = S\u* + 2^^tt» + (2/SiiSi + -S'l) «*• 

fu = i^V+ 3iS,»/SiM" 

consequently, 

y= «, 

+ «' (— iS-s + 8/^^,— 1 2/S?) , 

+ «• (— /Si + lOiSi/Si + 6/S? — 55/S?/^ + hhS^ , 
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and writing herein 

u =p\x + Rio? + B^ + B^^ -{- EiO? \, 

t«» = p»j!e»+3i2ix»+(3i2,+ 3i2f)x'+(3i2j+6i2ii2, + i^)a!» }, 

ii' = /{x'+ lRi3? }, 

tt» = p»{a!»+....), 

we have the required series 

y = pa;|l + n,a;» + n^* + nj^«+ }, 

where the values of the coefficients are 

+ 
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(-iSi)3i^,p»^-(-/^ + 3^l»)p^ 

(- S,) (3i?, + 3ii?) p« + ( — ^ + 3/S?) 5i2,p* + (-St + %SA-l 28i) p«, 

(- Si){ZR^ + eU^Rt + i2f) p» + (- /%+ 3)8?)(6i2, + 10i?J)p* 

(— <S'8+ SSiSi— 1 2^i«) 7i2ip»+ (— St+ 10SiS,+ 5«^— 55/S?/Si+55/S?) p», 



and so on as far as we please. 



The Cubic Transformation, n = 3. Art. Nos. 21 to 28. 



21. We have here 



^i^ = p(i + nia?+n^*+. . . .); 



whence, developing the left-hand side and equating coefficients, 

pni = — p*+i, pn,=p' — p, pn8= — p*+p*, . . . . 

It will be convenient to write 

0, = pn,+ p«-l, = — iSip" + p» + i^ip - 1 , 

0,= n,— p»+i, ={—St -i-3/S?)p*— (35,^1 +i)p»+ 12,-1-1, 
03 = n, -h p'— p, = (- iSs + ^SiS, — i2Si) 9* 

+ 9' 

— 9 
+ i2„ 




208 Cayley : On the Transformation of Elliptic Functions. 

where observe the difference of form in the function ©i, and in the subsequent 
functions 69 , @8 1 • • • • ^^ these last a factor p is thrown out. 

22. The two equations ©1 = and ©| = serve to determine p, ^3 in terms 
of a ; the subsequent equations ©3 = 0, ©4 = 0, . . . • will then be, all of them, 
satisfied identically. This implies that ©3, ©4, ... • are each of them a linear 
function of ©1, ©,. The h posteriori verification and determination of the factors 
is by no means easy ; I have effected it only for ©g ; we have 

703 = (p»— 3/Sip*— 2p + 27 Bi) ©1+ (— /Slp»— lOp + 25i2i) ©„ 

or, at full length, 

+ (— 3B^Si — 3^^i) P* 

-9 

= (p'-3aSiP«- 2p-f 27i20( -V+P*+^P-1) 

+ (- V-10p+255i)((-/S, +3^i«)p*-(3fiiASi+l)p»+i23+l); 

in verifying which we must, of course, take account of the relations between 
the expressions B and those between the expressions 8\ we have 

a = ZBi and thence lOiZg = 27^ — 1 , 14^3 = lZbB\ — 9Bi) 
similarly, 

10ASi = 27/S?— 1, 14/S,= 135/S? — 9/Si. 

Equating the coeflficients of p*, we have 

viz., multiplying by 2, this is 

— 14/Si+ 110/^/^— 1Q2SI + 2/Si = 0; 
or, finally, it is 

(— 1S5aS? + 9/Si) + (297/S? — 1181) — 162/S? + 2/Si = , 

an identity, as it should be. The identity of the coefficients of p^ p*, p', p*, p, 1 
may be verified in like manner. 

23. Considering a as known, the values of p and ^ are determined by the 
foregoing equations ©^ = , ©g = ; that is, 

— /Sip» + p* + iitip— 1=0, 
(- AS3+ 3aS*)p*- (3i?i^x+ l)p»+ i2i+ 1 = 0, 
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(where, of course, the ^'s and S^& are regarded as given functions of a and ^ 
respectively). 

It is to be observed that the equations are satined by p*= 1, a = ^; viz.;***' 

we have the transformation y = — ^ — '\ ; that is, y = ± x , which is the 

transformation of the first order, n= 1. The two equations represent surfaces 
of the orders 4 and 6 respectively, and they have thus a complete intersection 
of the order 24. As part of this, we have, as just shown, each of the two lines 
(p= 1, a =j3) and (p = — 1 , a = /3); but there is a more considerable reduction 
of order to be accounted for, the proper MM-curve being, as will appear, a 
unicursal curve of the order = 6 . 

24. Multiplying the second equation by lOp*, and for 10i2,, 10/Si, writing 
their values 27^ — 1 and 27aSi — 1 respectively, we have 

{3S,'+ l)p'-{SOR^S,+ 10)p^+ (27ii?+ 9)p» = 0; 

and if herein we substitute for Sif^ its value from the first equation, =p*+i2ip — 1 , 
we have 

3 (p» +E^- iy+ p«- 30i?ip (p« + E,f> - 1) - lOp* + (27i2! + 9) p» = ; 

that is, p« — 7p* — 24ieip« + 3p* + 2422ip +3 = 0; 

viz., this is . (p« — l)(p* — 6p* — 245,p — 3) = , 

containing, as it ought to do, the factor p* — 1. Throwing this out, and repeat- 
ing the first equation, we have 

p4 _ 6p>_ 24fiip —3 = 0, 

which two equations may be replaced by 

p*— 24Ayip» + 18p* — 27 = , 

p* _ 6p« — 245ip— 3 = 0, 

which are the pj3- and pa-equations respectively. Recollecting that ^i and Si 

1 1 

denote-^ a and-^|3, they agree with the results obtained in No. 7. The 

a^^-modular equation is obtained by the elimination of p from these two equa- 
tions, and may be at once written down in the form, Det. = 0, where the 
determinant is of the order 8, but contains Si and ^i, that is, ^ and a, each 
of them, in the fourth order only : the form is thus the same with that of the 
a/?-equation obtained in No. 2 ; but the identification would be a work of some 
labor. 

VOL. IX. 
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25, The equations may be written 

24/Sip' = p^+18p»— 27, 
'24i2ip = p*— 6p*— 3, 

and, treating ^, /S'x, p as coordinates, it hence appears that the MM-curve is 
(as mentioned above) a unicursal curve of the order 6 ; in fact, we have Bi, Si, 
each of them given as a rational function of p ; and cutting the curve by an 
arbitrary plane ABi + BSi + Cp + 2) = , the substitution of the values of 
jBi, Si in this equation gives for p an equation of the order 6 , 

26. The same conclusion may be obtained from the foregoing system of a 
cubic and a quartic equation in p. Considering Bi^ Si, p as coordinates, they 
represent, each of them, a surface of the order 4, and the complete intersection 
is of the order 16 ; but this is made up of a line in the plane infinity counting 
10 times, and of the MM-curve, which is thus of the order 16 — 10, = 6. In 
fact, introducing, for homogeneity, a fourth co-ordinate 6, the two equations are 

— /Sip»+ p^e'+ B.pS'— 6^ = 0, 
p4 —6p»e*—2422ipe»— 30^ = 0, 

and the line p= 0, 6= is thus a triple line on each of these surfaces; viz., 
cutting them by an arbitrary plane, we have for the first surface an ordinary 
triple point, as shown by the continuous lines of the annexed figure, and for the 
second surface a triple point = cusp + two nodes, as shown by the dotted lines 
of the figure. There is, moreover, as shown in the figure, a contact of two 
branches, and the number of intersections is thus = 10 • 



3 
27. If we assume per = — 3, that is, p = , and substitute this value in 

the equation for Si , the two equations become 

24ASia = (T*— 6<T*— 3, 
24i?ip=p*— 6p» — 3; 

viz., (i is the same function of <y(=^ ) which a is of p. This accords with 
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the theorem in Elliptic Functions that a combiaation of two transformatioDs 
leads to a multiplication. 
28. We have 

24(i?,+ -|-)p = p*-6p»+8p— 3,=(p-l)»(p + 3); 

or, what is the same thing, 

and, in like manner, 

24(iJ,--i^)p=p'-6p'-8p-3, =(p+ mp-3); 
and, consequently, 

24(i2,-i-) = {p+l)«.{p4-0-2), 
with the like equations between Si, a, p. It will be recollected that 

The formulae just obtained are useful for obtaining the uv-modular equation from 
the foregoing equations ; or say 



4(«*+ -^)o' = o*— 60*— 3, 



where pa= — 3, and we have to eliminate p and a; the elimination ^ves 
-J — -T + 2t«* = ; that is, v* + 2»*w' — %vu — «* = 0. 



The Quin^ TkansformaUmi, n = 5 . Ari. Noe. 29 to 3 
29. We have here 

ii^i^ = p(i + n.a^+n^-+n,v+....), 




I 
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and multiplying by 1 + A^a? + px*, we obtain an infinite series of equations, the 

first three of which are 

Ai = pUi+Aip, 

l = pn,+ JipHi, 

o=pns+ Apn,+p»ni, 



The first of these gives 

and the other two equations then determine the MM-curve. These being satis- 
fied, the remaining equations will be satisfied identically. It is proper to intro- 
duce into the equations ©i, 0,, ©8 instead of 111, TIj, lis. We have first 

i = pn,+ pn,%i^ + p'; 

that is, 

viz., this is 

p(p-l)(0, + p^-l)-(©i-p«+l)»+(p»-l)(p-l)=O; 

or, finally, this is 

p(p- !)©»-©?+ 20, (p«-l)=0. 
Secondly, we have 



= p (0, + p' - 1 ) - ^^^t^^ + p' - 1 ; 



o = n3+^^+f>n, = o; 



that is, Q 



_ p3 + p + (0iz^^±m_HV=il) + e.- p« + 1 = 0; 

viz., this is 

(0, + 0i-p»-p*+p+l)(-p + l) + (0i-p^+l)(e, + p*-l) = O; 

or, finally, it is 

08(-p + i) + eA+ei(p«-p)-0,(p^-i) = o. 

30. We have thus the two equations 

(p^-p)©,-^ + 2©i(p*-l)=0, 
©,(-p+l) + 0A+ei(j;-p)-0,(p^-l) = O; 

and recollecting that 0, is pf the form X0i + if0, , we see that each of these 
equations is satisfied if only 0i = 0, 0,= (the formulae belonging to the cubic 
transformation). This ought to be the case, for we can, by writing -4i = p + 1 , 



• • • • 
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X (o ^^ jA^Su "4~ X I X (p "^ 3/1 

reduce the expression y\js \tj / to the form y^T^^i , which belongs to the 
cubic transformation (see ante No. 17). The equations may be written 

. p0,= (3p»+4p + 2)0i-(3p + 3)^ + ^-^. 

31. The investigation may be presented in a slightly diflFerent form by 
introducing the functions at an earlier stage ; viz., writing pIIi = ©i — p* + 1 , 
pll, = p0, + p* — p ,...., we have 

Transposing, reducing, and dividing by a>, we have 

whence clearly p* — 1 + -4i ( — p + 1) = 0^, giving for A^ the before-mentioned 
value ; and we then have 

1 + Aa^-h px*= 1 +(p+l)a^ + pz*- ^ , = (l+aj'Xl +px')- -^j . 
The equation thus becomes 

li=^iS — _ :.=e,+ p9^+pe,«'+...., 

C+'^'d + p^K'-.-^.i+ln-^) 

and expanding the left-hand side, first in the form 

(i+a:'xi+/>^/"^ (/^-i)(i+^)'(i+/>^)'^ (/>-ixi+^m " • ' 

and then each of these terms separately in powers of a*, and comparing with 
©1 + p0aa:* + p08X* +...., we have the two equations in the last-mentioned 
form, and an infinite series of other equations, which will be satisfied identically. 

32. The successive coeflBcients might be called <!>,, <I>g, . . . . ; say 

*2 = (p*- p) ©.-©?+ 2 (p*- 1)01, 

*s=(-p + l)©3+0A+(p»-p)0i-(p*-l)0„ 

and similarly for ^4, .... , and it would then be proper to show h posteriori that 
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each of the equations 4>4 = 0, 4>5 = 0, . . . . is satisfied identically in virtue of 
the two equations 4), = 0, 4)3 = 0, or, what is the same thing, that the functions 
^4» ^6> • • • • are each of them a linear function (with coefficients which are 
functions of p) of the two functions <I>, and 4>8. I do not attempt to do this, nor 
even to discuss the MM-curve by means of the equations 4), = 0, 4)3 = 0; but I 
will obtain equivalent results, and complete the solution by means of the Jacobi- 
Brioschi equations, in effect reproducing the investigation contained in the third 
appendix of the Funzioni BlUttiche. 

The General Transformation^ n = 2« + 1 . -4rt» No. 33 . 

33. The equation here is 

'y+i^+:::: =f('+^^^+ ■■■■)■ 

The general theory is sufficiently illustrated by the preceding particular cases, 
and I wish at present only to notice the equation obtained by comparing the 
coefficients of a:*; viz., this is -4,_i — p-^i = pni, or, substituting for IIi its value, 

^,_i — pill = -g- (ap — ^p') • 

The Jacobi'Brioschi Equatums. Art. Nos, 34 to 42. 

34. These were obtained for the difierential equation 

d^ dy ^ 

VIZ., if this be satisfied by y 2= U-^ F, where CT, V are rational and integral 
functions of x of the degrees n and n — 1 respectively, then, writing for short- 
ness ^ = a'x^ + h'a? + cV + d!x + ^, and using accents to denote differentiation 
in regard to x, the numerator and denominator CT, F satisfy the equations 

— (FCr''+F'?7— 2FCrO^— ^(Fi7'+F'I7)4>+y6J7»+(c— 2^)Cr^ 

{UU"—U'')fp + ^UU'.fp' + plP+ YdJ7F+ 6F»=0, 

where 2> is a function =aa?+ ba + c, with coefficients a, b, c, the values of 
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which have to be determined. By way of verification, observe that, multiply- 
ing by Z7*, ?7F, F*, and adding, we obtain 

that is, 

— ^{Vir— FCr)»(a'aj* + 6'a^+ c'a:»+ d'x+ e') + ay* + 6/ + cy> + dy + 6= 0, 

the result obtained by substituting for y its value, = TJ-r-V, in the diflferential 
equation. 

35. Considering the foregoing special form 

dx dy 

Vl— 2aa?+'P ~ ^Vr^^^W + y* ' 

so that a, 6, c, d, 6 have the values p', 0, — 2j3p*, 0, p* and <^ is =1 — 2otcc* + a;*, 
the equations are 

where, writing as before, n = 2« + 1 > ^^^^ assuming that the last coefficient, 
^i(n-i) or -4,, is = p, we have 

Cr=a;(p + ^,«ia:*+^,«,a;*. . . .+ ^cb^-^H- »*')» 
7 = 1 + ^icc^ + ^x* + J,«ia*'~*+ px*', 

and where, as is easily shown, p has the value = — {2Ai+ {2s + l)a:^}. In 
comparing with Brioschi, it will be recollected that 2a, 2^ are written in place 
of his a, p. 

36. The equations contain n, and they are not satisfied by values of U, V 
belonging to any inferior value of n; Uj Fmay each of them be multiplied by 
any common constant factor at pleasure, but not by a common variable factor 
P] viz., it is assumed that the fraction U-^V is in its least terms, and conse- 
quently that (save as to a constant factor) ?7, V are determinate functions. It 
is easy to verify that the equations (being verified by U, V) are not verified by 
PUj PVj but it is interesting to show a priori why this is so. The equations 

dx dy 

are obtained as follows : Consider the differential equation in the form —p^ ^ — 



^X ^Y' 



1 
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and suppose that an integral equation is given in the form F=iO {F a rational 
and integral function of x, y); we thence deduce a relation Ldx + Mdy=0 
between the differentials, and this must agree with the given differential equa- 
tion; that is, we have L\/X -^ M\/Y=^ 0, or, rationalizing, VX — if*F= 0; 
viz., this last equation must agree with the equation F=i 0, or, what is the 
same thing, VX — iPFmust contain i^as a factor; say we have 

DX—M^Y=F.G, 

where 6? is a function of x, y. In the particular case where the integral is of 
the form y = JJ-^ F, we have F= Vy — U, 

and we have therefore DX— APT=G{Vy—U)i 

and it is by means of this identity that the equations are obtained. But suppose 
that there is a common factor P, or that we have y = PJJ-^ PV\ then, if we 
write F= PVy — PVU, = P{Vy — U), there is no necessity that VX—M'Y 
should contain as a factor this expression of F^ and it will not in fact contain 
it ; all that is necessary is that DX — iPY shall contain the factor Yy — TJ\ and 
thus the equations obtained for Z7, Fdo not apply to PCT, PF. We might, of 
course, introduce an arbitrary constant factor 0; contrast herewith the solution 
by means of the Jacobi partial differential equation, post No. 43, where is not 
arbitrary, but has a determinate value. 

37. In virtue of the assumed forms of 27, F, the first and third equation 
give each of them the same relations between the coeflBcients A ; and only one 
of these equations, say the first, need be attended to. It will be observed that 
this equation does not contain /? ; it consequently serves to determine the coeffi- 
cients A in terms of p, a, and to establish a relation between p, a; that is, the 
multiplier equation. We can from this, as will be explained, deduce the equa- 
tion between p, ^; the theory thus depends entirely upon the first equation; 
say this is 

38. We have F= 1 + Aia?+ A^x^+ . . . . , but the equation contains the 
quadric functions VV" — F'*, W, and F* ; it is convenient to write 

FF'— V^ = K^+ K^si?+ K^+ , 

V^ = Lo+Lia? +Zsa*+ ; 

whence of course W =: 2LiX +4Zsi5c'+ • • • - , 
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and we have 



K,= 


ir,= 


K,= 


K,= 


2Ai 


12At 


30^8 


56^4 




— 2A\ 


— 2AiA, 


-\-BAiAs 
4AI 



K.= 



90J5 

— e^jJg 



^.= 



132J, 
+ 52A^ 
+ 4A^At 
- 6A\ 



K,= 



182^7 
+ 86^1^, 
+ 22^^5 
—lOAfAt 



^,= 



240Jg 
+ 1 28^1^7 
+ 48J,J, 

!- BA\ 



• • • • 



A = 


x,= 


A = 


Z3 = 


A = 


1 


2-4i 


2At 

+ ^1 


2^3 

+2^iJ, 


2^*4 

+ 2^1 J3 
+ ^1 



• • • • 



The coeflBcients of IP are at once obtained ; say we have TP = Aoa^+ Aisc^+Aja:". . . . , 



Ao = 


Ai = 


A,_ 


f 


V.-i 





A,= 



^8 



A4 = 



2p^-3 



2p^.-4 
+ 2j4,_iJ.,_g 



Substituting in the equation and equating to zero the coefficients of the several 
powers of sc*, we find 



K, 


■2A^U =0, 


K, 


• 2^iZi+ (— 2s — 1)Z„— 2a(^i+ A) + p»Ao= 0, 


K^-\-K^- 


- 2JiA + (- 2« + 1) Z,— 2a (K^ + 2Z,) + p'Aj = 0, 


K^-VK^- 


- 2^ii8 + (_ 2« + 3) U— 2a (^3 + 3Z3) + p»A, = 0, 


K,+ K,- 


■ 2J1Z4 + (- 2« + 5) Z3— 2a (^4 + 4Z4) + p*As = 0, 





The number of equations is = 2(«+ 1), for the equation contains terms in 
03?, 0?, a;*, ... . a;^"*"^; but the first equation, and also the last and last but one equa- 
tions, are in fact identities ; there remain thus 2(5+1) — 3 , = 2^? — 1 equations ; but 
these are equivalent to s independent equations, serving to determine the (s — 1) 
coefficients J.i, ^s, . . . . -4,«i, and to determine the relation between p and a. 
In writing down the equations for a determinate value of «, the coefficients 
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Aq, J, must be taken to be := and p respectively; and coefficients with a 
negative suffix or a suffix greater than s , must be taken to be each =: . 

39. Thus, (n = 3) « = 1 , we have the 2(« + 1), =4 equations: 

2p — 2p.l =0, 

— 2p» — 2p. 2p + (— 3) 1 — 2a ( 2p + 2p) + p». p» = 0, 

+ 2p — 2p.p* + (— 1) 2p — 2a (— 2p» + 2p*) + p«. 2p = 0, 

— 2p»— 2p.O + (+ l)p» — 2a( + 3.0)+pM =0, 

where the first, third and fourth equations are each of them an identity; the 
second equation is — 2p* — 4p* — 3 — 8ap + p* = ; viz., in accordance with what 
precedes, writing a = 3jBi, this is the foregoing equation 

p4 _ gp» _ 24liip — 3 = 0. 

To complete the solution, we use the theorem in elliptic functions referred 

to ante (No. 8); viz., writing pa = — 3, then we have ^, the same function of 

a that a is of p; whence 

a* — 6a* — 24Si(T —3 = 0, 

and we thus have two equations giving the MM-curve. 

40. In the case (n = 5)« = 2, we have the 2(» + 1), =6 equations: 

2^1 —2AiA =0, 

12p— 2lf — 2Ji(2^i) —5.1 — 2a.2^ +P*-P* =0. 

— 2pAi+2^j— 2^i(2p+^f) —3.2^1 — 2a{12p— 2Jf+2(2p+^J)H-p».2p^i=0, 

— 4p»+12p — 2^J— 2Ji.2.!4,p— l(2p+Jf)— 2a{— 2pJi+3.2^,p}+p»(4)+-4f)=0, 
— 2p4i— 2^i.p* +1.2^ip — 2a{— 4p» +4.p»} +p».2^i = 0, 
— 4p= —2A1.O +3.p' — 2ai +6.0} +p».l =0, 

where the first, fifth and sixth equations are each of them an identity. The 

remaining equations are 

(p» — 2p + 5)(p* + 2p — 1) — 6AI — 8^ia = 0, 

2p»u4i — 6p^i — 32pa — 2.1f — 4Ai = 0, 

2p(p» — 2p + 5) + lOp — 4lfp — 8a^,p + 3JJ = 0. 

41. Writing the first and third of these in the forms 

— 6.1? — SA^a + (p«- 2p + 5)(p» + 2p — 1) = 0, 

A\if>*— 4p + 3) — SAyap + (p» — 2p + 5) 2p =0, 

these determine Al, BAia in terms of p; viz., we find 

Jf=(p3-2p + 5)p, 
8 J,a = (p» - 2p + 5)(p» - 4p - 1) ; 
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and theu writing the second equation in the form 

(p8_ 3p _ 2) ^f — 16pa^i — j1| = 0, 

and substituting these values of A\ and 8-4ia, and omitting the factor p^ — 2p — 5, 
we have the identity 

p(p8_ 3p - 2) — 2p(p*- 4p — 1) - p^(p* - 2p + 5) = 0; 

viz., the second equation is then also satisfied. 

Forming the square of SJ-ia, and for A\ substituting its value, then omitting 
a factor p* — 2p + 5 , we find 

64pa* = (p» — 2p + 5)(p« — 4p — 1)-, 

= p'— lOp** + 35p*— 60p» + 55p^+ 38p + 5; 

or, as this may also be written, 

64p(a*-l) = (p-l)^(p-5), 

and we then have also, as before, 

64(T (^» — 1) = ((T — 1) V — 5) , 

which two equations determine the MM-curve. 

The coefficient A^ is given by the foregoing equation for 8^ia, say the 

value is j,= A. (p._ 2p + 5)(p'- 4p - 1). 

The value A = ^ ' , obtained in No. 28, substituting for Yli its value, is 

— /> + ! 

1 

and these two values are in fact equivalent in virtue of the value of ^ obtained 
in No. 9. 

42. I consider the case ji = 7 , in order to show the form of the equations 
which have to be solved ; these equations are 

2^1—2^1.1 =0, 

12^— 2A\— 2^.2^1—7.1 — 2a(2^i+ \.2A^ + p».p» = 0, 

30p — 2AiAi + 2^1 — 2^1 (2J, + J?) — 5 . 2^i 

— 2a(l2J,— 2A\ + 2(2^ + A\)) + p». 2p^ = 0, 
S^ip — 4J| + 12J,— 2^1 — 2A, (2p + 2A^Ai) — 3 (2J, + A\) 

— 2a(30p — 2J,^ + 3 (2p + 2^i^)) + p» (2p^, + ^|) = 0, 

— 6^sp + 30p — 2^1^,— 2^1 (2Jip + J|) — 1 (2p + 2JiJ,) 

- 2a(8^,p -4^1+4 (2Ap + AX)) + p*(2p + 2JxJ,) = 0, 

— 6p» + 8^,p — 4^1 — 2A^ (2^jp) + 1 (2^,p + ^1) 

— 2a (— 6^sp + 6 (2^,p)) + p* (2^ + ^f) = , 
— 6^^— 2^i.p»+ 3(2^,p)— 2a(— 6p»+ 6.p«) + p».2Ji = 0, 

— 6p»+ 5.p^— 2a(0 4- 7.0) + p».l = 0; 



_-3-(^p»-ap) 
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viz., the first, seventh and eighth equations are satisfied identically, and there 
remain five equations connecting p, a, -4i, -4,. 

These equations should lead to the before-mentioned aj3-modular equation 

p8 _ 28p« — 112ap'^ — 210p* — 224ap' + (— 1484 + 1344a^) p* 

+ (— 560a + 512a») p + 7 = 0, 

and to expressions for A^, A^ as rational functions of a, p, and should be, all 
five of them, satisfied by these results ; but I do not see how the results are to 
be worked out ; there is, so far as appears, no clue to the discovery of the 
rational functions of a, p. 

The Jacohi Partial Differential Equation. Nos. 43 fo 48. 
43. Writing, as above, 2a in place of Jacobi's a , this is 
(l-2ax2+a:^)^ + (n— l)(2aa;— 2x«)~+n(n — l)x«z— 4n(a»— 1)^ =0, 

satisfied by the numerator and denominator U, F, each of them taken with the 
same proper value of the coefficient -4o» oi** what is the same thing, by the 

values Z7= ©x [A, + A^^^t? + A^^^x^ . . . . + A^o^-^ + 7?') , 

F=0(i +A^7? +A^x^ +^-ia*'~*+^^), 

where now -4, = p as before : has its proper value ; viz. (disregarding an arbi- 
trary merely numerical factor which might of course be introduced), the value is 



or, what is the same thing. 

If for z we write 0^, then the equation becomes 
(1 - 2»>:' + x<) g + (n - I)(ito: - ito-) ^ 

satisfied by the foregoing values without the factor 0, or attending only to the 
denominator, say by the value 

F= 1 + A^a? + A^* + ^,-iic*'~* + pa!**. 
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1 d@ 

44. To calculate the value of q- -r- , we have 

JL l_o JL 

J_ d0 _ 2 dp 4 P _^ _ 4 ^ 



da p da ' ^— 1 da a'— 1 ' 
but it has been seen (No. 10) that we have 

dl_^ /?— 1 

da n a' — 1 ' 

and the formula thus becomes 

e da ~ p rfa "•" J?Cri 

We have, as the first of the equations obtained by substituting in the Partial 
differential equation, 

24,- 4«(a»- 1)^^=0, 

and we have hence the value of the first coefficient, 

A = n(a»-l)^g+|(/?p'-na); 

1 d0 

or we may, by means of this result, get rid of the term ^-p from the Partial 
differential equation; viz., the equation may be written 

{l—2aa?+x')^+{7i—l){2ax—2a^)^+{n{n—l)a^—2A^\^—A^^^ 

Before going further, I remark that the last of the equations obtained by the 
substitution gives the coefficient -4.,_i; but this is also given in terms of Ai by 

the formula No. 33, ^,-i — pili = -^(otp — i^p'); combining the two formulaB, 

A..,= „(a'_l)^ + (— l-n+i-)., + -i-/3p'. 

45. In the case n=3, i4,_i = -4o=l» -^i = Pf ^.nd the two equations 
become 3(a«- l)g -^ap-p* + i-^p« = 0, 

each of .which is easily verified. 
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I remark also that in the same case, (n = 3) , we have 



hence Id© Ap 

'&^~ (j?—\){j?—9)''' 

and writing the equation A^ — 2?i (a* — 1) ^ ^ = in the form 

p-2.(a^-l)-Q---^^ = 0. 

we can verify this equation. 

46. In the case n=6, we have for A^ two equations, each ultimately 
giving the foregoing value 

Moreover, the equation Q=^p^^ — - gives, without diflSculty, 0= —j- . 

47. In the case n = 7, the formulaB give the two coefficients A^, A^] viz., we 

A= 7(«'-.)|-i;ap+i-^p', 

where the value of -r^ must of course be obtained from the before-mentioned 

da 

pa-equation (given in No. 7). I have not considered these results nor endeavored 

to compare them with the results for this case obtained in the Transformation 

Memoir, and the addition thereto. 

48. Substituting the value 1 + Aiu?'{- A^x^. • . . + ^f-i-^*^~^+ ^^' in the 
last-mentioned form of the Partial differential equation, we obtain 

2^1= 2.4i, 

12^=— 4 (n — 2) a^i + 2ilf —n{n—\) +4w(a^— 1)^\ 

dA 
30^3 = — 8 (n — 4) aJa + 2A^A^ — {n — 2){n — 3) ^i + 4n (a*— 1) -^ , 

dA 
56^4 = — 12 (n — 6)aJ8+ ^AA— {n — 4)(n — 5) 4, -f 4n(a*— 1) -~ , 
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The number of equations is of course finite and = s + 2, but the last equation 
is an identity. To obtain the last but one equation, it is convenient to write 
down the general equation ; viz., this is 

(2r + l)(2r + 2) A+i = — 4r(n— 2r)aA^ + 2A^A^ 

— (n - 2r + l)(n -2r + 2) il,^i + 4/1 (a»— 1)-^^ 

and then writing herein r = s, we have 

= — 4^ (n — 28) ap + 2 J^p 

— (n — 28 + l){n —2^+2) A,^^ + 4n (a*— 1) ^ ; 

eta 

viz., for n substituting its value 2^+1, the equation is 

0= — 2{n—l)ap+ 2A,p — 6A,^i + 4n (a* — 1) ^ . 

Recapitulation of Formulce for the Gases n = 3 and n = 5. Art. Nos. 49 and 50. 



49. In conclusion, it will be convenient to collect the formulae as follows : 



n-3 xyp-r^) (._ /^»_9 

8ap = p*— 6p*— 3, 
8 (a + 1 ) p = (p - 1 r (p + 3) ; 8 (a - 1 ) p = (p + 1 )» (p - 3) , 



(r=— — , 8i3(T = (T* — 6a* — 3, 
P 

8 (i3 + 1) CT = (c - 1)^((T + 3); 8 (/? - 1) (T = ((T - 1)»((T + 3). 
a/?-equation, see No. 2. 

64a»p = (p» — 4p — 1)» (p» — 2p + 5) ; 

or say 8aVp = (p* — 4p — l)\/p* — 2p + 5, 

64(a»-l)p = (p-l)'>(p-5), 

<T= — , 64/3»<r =((!» — 4(r—l)»(<T»— 2ff + 5), 

— 8/3-v/(T = ((T» — 4(T — 1) V<T»— 2p+6, 

64 (/?» — 1) <T = (<r — ly (<T — 5), 

A— /)» + 20/) — 5 

o p*(fi* — 4p — 1) ' 
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a/3-equation, see No. 3. 

The pa-equations for the cases in question, n= 3 and n= 5, are the so- 
called Jacobian equations of the fourth and sixth degrees, studied by Brioschi (in 
the third appendix above referred to) and by others : the foregoing a^-equations 
have not (so far as I am aware) been previously obtained ; as rationally con- 
nected with the pa-equations, they must belong to the same class of equations. 

CAMBBmoB (England), 18th Dec., 1886. 



ForiinSy Necessary and Sufficient^ of the Boots of Pure 

Uni^ Serial Abelian Equations. 

By George Paxton Young, Universitf/ College, Toronto, Canada. 



Object of the Paper. 

§1. An Abelian equation, that is, an irreducible equation in which one 
root is a riational function of another and of known quantities, may be called 
uni'Serial when the roots form a single circulating series. ' If the equation, say 
/(x) = 0, be of the n^^ degree, its roots, in the ordinary Abelian notation, are 

xi, dxi, 6^xi, . . . . , d'^'^^xi. (1) 

§ 2. When the coefficients of 6 are rational, in other words, when one root 
of the equation /{x) = is a rational function of another, the equation is a 
ptire Abelian. For instance, the irreducible cubic equation 

x^ -{- px + q=^0, 

in which the coefficients p and q are such that V( — 4/>' — 27 j*) is rational, is a 
pure Abelian, because, as is well known, one root of the cubic is a rational 
function of either of the others. 

§ 3. The object of the following paper is to investigate the necessary and 
sufficient forms of the roots of pure uni-serial Abelian equations. First, a Cri- 
terion of pure uni-serial Abelianism is established (§ 12-§ 15). A deduction is 
then given of the necessary and sufficient forms of the roots of pure uni-serial 
Abelian equations of all prime degrees (§16-§26). Then the necessary and 
sufficient forms of the roots of the pure uni-serial Abelian quartic are ob- 
tained by two different methods (§27-§39). Then the necessary and suffi- 
cient forms of the roots of the pure uni-serial Abelian of a degree which is 
the continued product of any number of distinct prime numbers are found 
(§40-§46). Then the problem is solved for the pure uni-serial Abelian of a 
degree which is four times the continued product of any number of distinct odd 

VOL. IX. 
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primes (§47-§57). Finally, from the relation between the solvable irreducible 
equation of prime degree n and the pure uni-serial Abelian equation of degree 
n — 1 , the necessary and sufficient forms of the roots of the irreducible solvable 
equation of prime degree n are shown to be determinable for all cases in which 
n — 1 is either the continued product of a number of distinct primes, or four 
times the continued product of a number of distinct odd primes (§58-§64). 



Preliminary. 



Corollary from a Law of Kronecher. 

§4. It was proved by Kronecker that, n being any integer, the primitive 
n*^ roots of unity are the roots of an irreducible equation, that is, of an irre- 
ducible equation with rational coefficients. We shall have occasion to make use 
of the following Corollary from this law: Let w and ul be two primitive n*** 
roots of unity, and let F{w) be a rational function of to. Then, if F{w) = 0, 
F[u/) = . For, by hypothesis, 

F{w) = hvf+hiijif-^ + etc. = 0, 

where A, hi, etc., are rational. We assume s to be less than n, and h to be 
distinct from zero ; therefore 

h''^{F{w)] =w'+ A-^AiU?'-^+ etc. = 0. 

Therefore t£? is a root of the equation ^{x) = a:'+ A-^Ajo:''"^ + etc. =0. If 
4^ (a:) = be the equation whose roots are the primitive v^^ roots of unity, w is 
a root of the equation 4'(a;) = . Therefore the equations ^ (x) = and '^{x)=iO 
have a root in common. But, by Kronecker's law, the equation 'J' (a) = is 
irreducible. Therefore <^(x) is divisible by -^{x) without remainder. This 
implies that all the roots of the equation -J'Cic) = are roots of the equation 
(^ (a:) = . Therefore <^ (t^) = . Therefore i^(M/) = . 

Principles established by Abel. 

§5. Let/(x) = be a uni-serial Abelian equation of the n^^ degree, and 
let its rootd, in the order in which they circulate, be the terms in (1). It is 

known (see Serret's Oours d'AlgSbre superieure. Vol. II, page 500, third edition) 

1 _f_ i. j^ 

that xi = i?o + i^i'' + A" + + i^n.i, 
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where R^ is a rational function of the primitive n*^ root of unity w and of the 
known quantities involved in the coefficients of Q ; and, z being any integer, J?, 
is derived from Ri by changing w into w'. Putting 

a?,+i = R;+ ii^R^+ w^Rf+ + w^*^^^'R:^i , (2) 

the n roots of the equation /{x) = are obtained by giving s in x^^i succes- 

j_ 

sively the values 0, l,2,....,n — 1. Therefore uRq is the sum of the roots 
of the equation; consequently, Rq is rational. An equation of the type 

{B^Rr-y = F{w) (3) 

subsists for every integral value of z, F{w) being a rational function of w and 
of the known quantities involved in the coefficients of 6. As to may be any 
one of the primitive n^^ roots of unity, if the general primitive n*^ root of unity 
be ^4fj we may suppose w in R^ to be changed into w\ The n roots of the equa- 
tion /(a?) = will then be obtained by giving t, in the expression 

Rj + w'R: + w^rI + etc. (4) 

successively the values 0, l,2,....,n — 1. Abel's investigation shows that 
the form of the function F{w) in (3) is independent of the particular primitive 
n^^ root of unity denoted by w. Hence the change of w into w^ causes equation 

(3) to become {R„R7')'= F{w') , (5) 

the symbol i^ having the same meaning for every value of e. 

Fundamental Element of the Root. 

§6. Because Rq^ R^, etc., are derived from Ri by changing w into vfi, u?j 
etc., the root Xi can be constructed when R^ is given. We may therefore call 
^1 the fundamental element of the root. Examples of the way in which the 
root is constructed from its fundamental element will present themselves in the 
course of the paper. 

A Certain Rational Function of the Primitive n'* Root of Unity j n being an Odd 

Prime Number. 

§ 7. Taking n an odd prime number, there is a certain rational function of 
the primitive w*** root of unity Wj of which we shall have occasion to make 
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frequent use. It will be convenient to describe it here, and to point out two of 
its properties. Let to, u^, v^\ . . . . , t^?^""', (6) 

be a cycle containing all the primitive n^^ roots of unity. The number X may 
be assumed to be less than n. With a view to convenience in printing, the 
indices of the powers of w in (6) may be written 

1, ;i, a, /3, . . . • , 3, e, 6; (7) 

that is to say, a = X^, /? = X^ and so on. Take Pi a rational function of w , 
and, z being any integer, let P, be what Pj becomes when w is changed into uf. 
Then the function to which we desire to call attention is 

PlOPa • • • • P\P\P9» (8) 

The subscripts of the factors of the expression (8) are the terms in (7), while 
the indices are the terms in (7) in reverse order. The expression (8) may be 
denoted by the symbol <^i. From <^i, as expressed in (8), derive ^, by chang- 
ing w into vf, z being any integer. Then 

«^i = pj/^,pi . . . . pjpjp. 1 

^, = p.PiP: . . : . P:P>i 
^o = -PI-Pa-P. • • • • P% 



«^,= i>iP* ....pjppj 



(9) 



The second of these equations is derived from the first by changing w into v/". 
This, since a = ^* and /3 = 7\?^ and so on, causes u;^ to become w% and vf to 
become rjcP^ and so on. Hence it causes P^ to become P., P. to become P^, and 
so on. Thus the second of equations (9) is obtained. The rest are obtained 
in a similar manner. 

§8. One property which the function ^^ possesses is that ^q has a rational 

value. For <^o = P^Pl ^^o = ^, 

where <= l+X + X^+ + ;^n-» = ^!Zl:zi . 

Because (6) is a cycle of primitive rfi^ roots of unity, X"""^ — 1 is a multiple 
of n. And, since X is less than 7^, X — 1 is not a multiple of w; therefore < is a 
multiple of n. Put t = mn; then 

^,= (p-)»; 

consequently, one of the values of ^o" is the rational quantity PJ*. 
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§ 9. A second property of the function ^^ is that an equation of the type 

(4>.<?>rr = i^H (10) 

subsists for every integral value of 2, F{w) being a rational function of w. 
For, taking 2 = X, 

But X* = a, aX = jS, . . . . , ^8 = 0. And XB = X'*"^ Since X*~^— 1 is a mul- 
tiple of n, put X*""^ — 1 = en. Then 

^', = Pr{P,Pl....Pi). 

Comparing this with the second of equations (9), 

, — X »_ T} — en 



<?>A<?>r = Pi 

Therefore {^x1>rT = ^iV'i (1 1) 

tcf being an n*^ root of unity. In like manner, from the second and third of 
equations (9), q>^^-^ = Pr*\ 

Substitute here the value of ^^ in (11). Then i>ai>T" = {PZ''Pr'^Y' Therefore 

(4>a4>r-)^ = t^'(Pr^Pr^), (12) 

to" being an n*^ root of unity. The equations (11) and (12) are of the type (10). 
Therefore an equation of the type (10) subsists when z is equal either to 31 or 
to a. In the same way we can go on to show that an equation of the type (10) 
subsists when z is equal to any of the terms in (7). Should z = 0, ^g^T' = 4^o* 

Therefore, by § 8, ^^^T' = -P?*** Hence in this case also (4>,4>r')' is a rational 
function of w. Therefore, whether z be zero or one of the terms in the series 
(7), an equation of the type (10) subsists. This implies that an equation of the 
type (10) subsists for every integral value of z. 



Criterion op Pure Uni-Serial Abelianism. 

The Criterion Stated. 

§ 10. A Criterion of pure uni-serial Abelianism may now be given. Let 
Bi be a rational function of the primitive n*^ root of unity w, and, z being any 

integer, let B^ be derived from Bi by changing w into w'. Then, if Bq is 

j^ I 

rational, and if the terms -Bi* , B^ , etc., are such that an equation of the type 
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(3) subsists for every integral value of 2, an equation (6), in which the symbol 
J^has the same meaning as in (3), at the same time subsisting for every value 
of c prime to n, the n values of x,^i in (2), obtained by giving s successively the 
values 0, 1,2, ....,n — 1, are the roots of a pure uni-serial Abelian equa- 
tion, provided always that the equation of the ?i*^ degree, of which they can be 
shown to be the roots, is irreducible. 

Proof of the Criterion. 

§11. Here we assume that the conditions specified in §10 are satisfied, and 
we have to show that the n values of Xg^i in (2), obtained by putting s succes- 
sively equal toO. 1, 2,....,n — 1, are the roots of a pure uni-serial Abelian 
equation. 

§ 12. We will first prove that the n values of the expression (4) obtained by 
giving t successively the n values 0, l,2,....,n — 1, are the same, the order 
of the terms not being considered, as the n values of x,^i in (2) obtained by 
giving s successively the values 0, l,2,....,n — 1. 

Because vf is a primitive n*** root of unity, all the n*^ roots of unity distinct 
from unity are contained in the series 

vf, ^c*^ w^y . . . . , W7^'*"^^^ 
Therefore the two series 

-"/«> Xt2«> J^Zei • • • • > -^(n — 1)«> 

are identical with one another, the order of the terms not being considered. 
Therefore, also, the two series 

P" p* p« 75» 

± -L * 1 

p» p» p» p» 

are identical with one another, the order of the terms not being considered, it 

JL -L 

being understood that jBJ*, iZg*, etc., are the same n^^ roots of jB,, jBj*. etc., or of 

Bij R^, etc., that are taken in the series Bi, R^ , etc. Let the expression (4) be 
called xi^i. The separate members of the expression x^^i are 

RJ, w'RJ, w^'R;, etc. (13) 

Taking s with a definite value, let 

e* z= 6n + c, 
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where h and c are whole numbers, and c is less than n. Then, putting < = c, the 
separate members of the expression x^j^i are 

-L i. 1. 

R;, ufRl, vf'Rl, etc. (14) 

Because €« = 6w + c , ir* = t(?**. Therefore vfRl = t£?**-B«" ; that is, the second 
term in (14) is equal to the (e+ 1)*^ term in (13). Again, if 2e=dn + v, where 

d and v are whole numbers, and v is less than w, Rle=^Rv' Also, because 

i- i- i. 

e3=hn + c, u^ = vf^. Therefore u^Rl, = vf^'Rl = tr*'5; ; that is, the third 

term in (14) is equal to the (t? + 1)*^ term in (13); and so on. Hence 2-04.1 = a;,+i . 

Let now s and a be two distinct values of «, both less than n; and let 

a^c+i = a-t+i* and a;^.i = x^^i. 
By what has been proved, the numbers c and z are determined by the equations 

c» = ftn + c, ej = jSn + Zf 

2^ and ^n being multiples of n. But, since 9 and a are different, and 6 is prime 
to n, c and z must be different. Hence, as x,^.! runs through its n values, 
a?!, ar,, etc., ar/4.1 must run through its n values, severally equal, in some order, 
to those of sr,^.!. 

§13. From (5), iS^ =A,Rf, 

_i_ JL 



•t-i 



where A^, jP^, etc., are rational functions of vf. These values of R^^, R^, etc., 
substituted in (4), cause that expression to become 

R;+ w*RJ+ u^A,RJ+ w^B,R] + etc. (15) 

Let the n values of the expression (15), obtained by putting t successively equal 

to 0, 1, 2, . . . . , n — 1, be 

ri, r,, . . . . , r„. (16) 

Then, v being a whole number, 

rl = a,+ KR: +cMf ^ +.... + d^R^, 

rl = a,+ wb,R: +t£^c,i2; +.... + w^^^'KR?" . 



n-\ 



rl = a, + w^^h^Rl + ur\Rl +.... + wd^R^^ , 
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where a^, 6«, etc., are rational functions of w'^. Therefore, if S^ be the sum of 
the v^^ powers of the terms in (16), S^ = na^. Because a^ is a rational function 
of nf, we may put 

na^ = g + hvf + Icv?^ +.... + ?W7^''~^^*, where gr, A, etc., are rational. 

But, by § 12, the n values of the expression (15), obtained by giving t successively 
the values 0, l,2,....,7i — 1, are the same whatever value, making vf a 
primitive n*^ root of unity, be given to e. We may therefore substitute for «?*, 
in the expression for na^ or S^ , any one of the primitive n*^ roots of unity 

w^ vf ^ vfi ^ . . . . , to*. (17) 

Therefore S^=: g + hw + Jcu? + etc. 

= gr + hvf + huf'' + etc. 



= gr + hvf + kuf* + etc. 
Therefore 

mS^ ^= mg + h{w + vf '\' etc.) + A; (ti?* + tu*** + etc.) + etc., 

m being the number of the terms in the series (17). Consequently 8^ is a 
rational and symmetrical function of the primitive n*^ roots of unity. Hence, 
by Kronecker's law, referred to in §4, S^ is rational. This implies that the n 
terms in (16), which have been shown to be identical with the n values of a:,^i 
in (2) obtained by giving s successively the values 0, 1, 2, ....,n — 1, are the 
roots of an equation of the n*^ degree ; that is, of an equation of the nt^ degree 
with rational coeflScients. Let this equation be f{x) = . 

§ 14. in accordance with the proviso in § 10, let the equation f{x) = be 
irreducible. It is then a pure Abelian. For, taking r^ rj, etc., as in § 13, 



n 



Ti — ^0 + Rl + A,Rl +....+ C,R^ 
^ = 2>. + F,R:-\- GJi:+ .... + H,Rf 



»— 1 



(18) 



where A,, D„ F,, etc., are rational functions of vf. Multiply the first of equa- 
tions (18) by A,, the second by \, and so on, the last being multiplied by ?,; 
then, by addition, 

+ ._^ 



.J 
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Let the n — 1 quantities, \, k„ etc., be determined by the n — 1 equations 

K +hF,+ + l,L, = uf, 



» — 1 



Then Vi + Ki\ + etc. = (hM-it hj),+ + 1,k) 

+ vfR:+ v?*A,R^-\- . . . . + «;<— «'C.i2;^; 
or, putting R^, for A^R^ , and so on, 

Kri + *.»i + etc. = (h,Rt+ hD,+ + l,K,) 

+ w'Rt+ v}'*Rt+ + «7<— i"i2t_i,.. (19) 

By § 12, xlf^i = x,4.i, where es = &n + c. When « = 0, c = 0, and when « = 1 , 
c = e ; therefore 

ari = ar{ = Rf+ i?; + 72^;+ etc. = r^, 

i_ 2. J- 

and ar, = crj ^.1 = ^o" + ^*-R« + 'w;**^?^ + etc. 

Therefore (19) may be written 

^e^i + ^«a:J + etc. = yh^Bo + etc. / -^ jBq + ir». 

But € may be any number that makes w^ a primitive n*^ root of unity, and (17) 
is the series of the primitive n*^ roots of unity. Therefore 

x^= {Rf—(h^Rf+ etc.)} +h^xi + k,xl+ + h^'^ 

= [Rf— (m^+ etc.) }+ A^i + fc^i + + ?ca^"' 

= {Rf— (h,Rt + etc.) }+ /«^i + Jc,ai + .... + Z^"', 

where Ai, A<,, etc., are what h^ becomes when w?* is changed into w, vf, etc., and 
kif k^f etc., are what k^ becomes when w^ is changed into it?, to*, etc., and so on. 
Therefore, by addition, m being the number of the primitive n*^ roots of unity, 

mx2 ^= p + qxi+ ta^ + . . . . + vxi"^, 

where p^ q, etc., are rational and symmetrical functions of the primitive n*^ 
roots of unity, and therefore are rational. Hence a:, is a rational function of arj. 
Therefore the equation /(x) = is a pure Abelian. 

§ 15. It is also uni-serial. For, by what has been proved. 

Vol. IX. 
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Qxi denoting a rational function of a-j. But, from the form of x,^i in (2), since 
R^ = AiRl , and Rl -= B^Rl , and so on, we pass from Xi to x^ by simply changing 
^1 into wRl. The same change transforms x^ into 0:3. Therefore 

CTs = Qx^ = &^Xi . 

In like manner 0:4=6*0:1, and so on, till ultimately 6*Xi=Xi. Thus all the 
roots of the equation f{x) = are comprised in the series 

Xi, Qxi, 6^X1 J . . . . , d^'^^xi. 



Pure Abelian Equations of Odd Prime Degrees. 

Fnndamental Element of the Root ; the Root Constructed from its Fnndamental 

Element. 

§ 16. We confine ourselves to pure Abelians of odd prime degrees, because 
the irreducible quadratic is always a pure Abelian. Let n be an odd prime 
number, and let the primitive n^^ roots of unity be the terms w, v/"^ v/"*, etc.^ 
forming the series (6). Take ^i as in the first of equations (9) ; then, if Ri be 
the fundamental element (see §6) of the root of a pure Abelian equation 
/(x) = of the n^^ degree, it will be found that 

i2i = ^?4>i» (20) 

Ai being a rational function of w. 

§17. From Ri, as expressed in (20), derive Rq, R^, etc., by changing w 

into w^, V?, etc. By § 5, the root of the equation f{x) = is 

i2t+ I^+ I^,+ + R:^i. (21) 

To construct the root, we have to determine the particular n*^ roots of Rq, -Bj, 
etc., that are to be taken together in (21). When w is changed into tr*, let Ai 
become -4, , as 4)1 becomes ^, . Then 

R, = A:i>, . 

Therefore i2; = v/A,^f, (22) 

tcf being an n*** root of unity. In proceeding to make R, definite, we may first 

make ^^ definite. By (9), 
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to^ being an n^ root of unity. Let 

p;, p; , p;, . . . . , p; , (23) 

be determinate ; then, by taking uf with the value unity, we get 0i" with the 

j_ ' J- 

determinate value p^ = (i^PjPJ . . . . P^) \ 

Let us now consider 0^ • By (9), tif being au n^^ root of unity, 

4); = vf (PiPJP; .... Pjr . 

Understanding that P^ , P^ , etc., on the right-hand side of this equation are the 
same quantities that appear in (23), they have already been made definite. We 

can then make ^Ji definite by taking w"" with the value unity. Generally, if z be 
any number in the series l,2,....,w — 1, 

0; = w^ {PlPl^Pl. .... P^)\ 

w^ being an n*^ root of unity. Because 2 is prime to n, the n — 1 terms 
vf ^ ti?*\ vf^^ . . . . , vf^, are the same, in a certain order, with the terms 
w, uh^ vf^ . . . . , w^. Therefore the terms 

-1 J. JL JL 

D" p» p» p* 

-* « » •* «A) •* #oJ • • • • > •* «tf J 

may be taken to be the same, in a certain order, with the terms in (23). They 

are accordingly determinate. We may then make ^l definite by taking vf^ with 
the value unity. Therefore, for every value of z in the series l,2,....,n — 1, 

4); = {P',P',,P'.. .... P.e)\ (24) 

Having thus determined ^*, we can make R^ definite by taking to' in (22) 
equal to unity for every value of z in the series 1,2, ....,71 — 1; that is, 



1 ^ 



n 



(26) 



J- -L 

As regards -Bf, we have -Bo= -^o^- But, by §8, 4>o= P^"". Therefore ^l has 
a rational value. Consequently Rl has a rational value. In (21) substitute 

i_ JL 1 

the rational value of Rl, and the values of jBi*, Rl^ etc., given in (26), and the 
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root is constructed. In other words, the expression (21) is the root of a pure 
uni-serial Abelian equation of the n^^ degree, provided always that the equation 
of the n^^ degree, of which it can be shown to be the root, is irreducible. 

Necessity of the above Forms. 

§18. The root Xj of the pure Abelian equation /{x) = of the n*^ degree, 
n an odd prime, being assumed to be expressible as in (21), we have to show 

that its fundamental element Ri has the form (20), and that Ri, -B^, etc., are to 

be taken as in (25), while Rq receives its rational value. 
§ 19. By (3), z being any integer, 

F{w) being a rational function of w. And equation (5) subsists along with (3) ; 
that is, e being any whole number prime to n, 

Rt=\F{vf)\Rt. 

Give z here successively the values 1, X, a, etc., these terms being the same as 
in the series (7). Then pT_ r>T 

— A 



R*0 = D^R; , 



J^ei ^ei ®tc., being rational functions of vf. Therefore 
where G^ is a rational function of to*, and 

t=e + 6^ + Sa + + e. 

From the nature of the series (7), $ = X**"^ and e = X*'"^ Therefore eX = 0. 
In like manner, each of the n — 1 separate members of t is equal to 0. There- 
fore < = (n — 1)0. Because (6) is a cycle of primitive n*^ roots of unity, in 
other words, because Jl is a prime root of n, and = X**"*, 6 is prime to n. 
And n — 1 is necessarily prime to n. Therefore whole numbers h and k exist 
such that ht = hi + 1. 
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Therefore {B*B',, .... R^f = ((7J5I)^; • 

For every integral value of z let (^J,)* be written Pi,] then, putting J.7^ for 

^*^*' ii!; = A. {PlPuPla . - . . Pe.) ^ (26) 

« 

Hence, by putting e= 1, and taking ^ as in (9), 

Thus the form of the fundamental element in (20) is established. Also, when 

^^'^' Bf = Ai{Pil>Pi .... P,)". 

Therefore, by (24), Ri = Ai(p{. This is the first of equations (25). Since e 
may be any term prime to n, let e = X. Then, from (26), because X* = a and 
;ia = j3, and so on, 

Mx = -o-x {ixPl^Ifi .... -Pi) * . 

Therefore, giving z in (24) the value X, ^a = -^a^a"- This is the second of equa- 

i. i. ± 

tions (26). In like manner we can show that all the terms -Bj", B^ ,...,, B; 

are to be taken as in (26). It has only to be added that B^ must be taken with 

its rational value, because, by § 5, uBq is the sum of the roots of the equation 
/{x) = 0. 

Sufficiency of the Forma. 
§20. We here assume that ^i has the form (20), that BJ is rational, and 

i- JL 

that Bi, Bj^j etc., are taken as in (25), and we have to show that the n values of 
^t+i ill (2), obtained by giving a successively the n values 0,l,2,....,n — 1, 
are the root^ of a pure uni-serial Abelian equation of the n^^ degree, pro- 
vided always that the equation of the n*^ degree, of which they are the roots, 

is irreducible. In the first place^ Bq has been taken rational. In tlie next 
place, an equation of the type (3) subsists for every integral value of z. For, 
let z not be a multiple of n. In this case it may be taken to be a number 
in the series 1, 2, . . . . , n — 1. Then, by (25), 

{B,Br'f= {A,Ar){^,^rf. (27) 

But ^ is the expression (8). Therefore, by §9, 
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F{w) being a rational function of w. This makes (27) an equation of the type 
(3). Next, let 2 be a multiple of n, in which case it may be taken to be zero. 

"^^^^ RJ^RJ, and i2?=l. 

Therefore {R^R^'f=: R^. (28) 

Since Rq is rational, (28) is an equation of the type (3). Therefore, whether z 
be a multiple of n or not, an equation of the type (3) subsists. In the third 
place, the equation (5) subsists along with (3) for every value of e that makes 
w^ a primitive n^^ root of unity. For, let z be a multiple of n; it maybe taken to 
be zero. Therefore 

Rt=Ri, and i2;= 1. 

^^^''''^^'^ {R,.Rr'f= Rf. (29) 

But, equation (28) being regarded as (3), (29) is (5). Next, let z not be a mul- 
tiple of n. It may be taken to be a number in the series l,2,....,n — 1. 
Then equation (27) is (3). But, in (27), z may be any number not a multiple 
of n, and ez is not a multiple of n. Therefore we may substitute for z either 
€z or €. Thus we have 

Therefore {R^Rr'f = {A„A7'){^„^7')^. (30) 

But, equation (27) being regarded as (3), equation (30) is (5). Therefore, 
whether 2 be a multiple of n or not, equation (5) subsists along with (3). Hence, 
by the Criterion in § 10, the n values of x^^i in (2), obtained by giving s suc- 
cessively the values 0, 1, 2,....,?i — 1, are the roots of a pure uni-serial 
Abelian equation. 

ParticiUar Values of n; the Pure Abelian Cubic. 

§ 21, When the equation /(a:) = is of the third degree, taking X = 2, the 
series (7) is reduced to the terms 1,2, and the equations (25) become 

Also B$ = ^0^0 • Therefore 
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If Aq(^q = 0, the equation wants its second term. Then, putting 

'J/i = A\A^'P^ and 4^, = AIAt^P,, 

we get a-i = (^N/,)* + ('J^^i)*. 

§ 22. Let the pure Abelian cubic of which Xi is the root be 

a? + px + q=:^ 0. 

Because 'i^i is a rational function of the primitive third root of unity, 

and 4^2= h — cV — 3 , 

b and c being rational. Therefore -J^j^'a = 6* + 3c*. Therefore 

;ri = {(ft»+3c»)(6 + c^/-3)}*+](6*+3c*)(6-cV-3)}*. 

But , = {_A+v(^+^-)}»+{_|_^(i+|)}». 

Therefore ^ (-J + ^) = c (6» + 3c») V - 3 . 

Therefore V (— 4/ — 273*) = 1 8c (6» + 3c») . 

Thu8V'( — 4/>' — 273*) is rational: the well known relation between the coeffi- 
cients which makes the irreducible cubic 3? -\- j^x -\- g = a. pure Abelian. 

The Pure Abelian Qmntic. 

§ 23. When n = 5, ^ may be taken to be 2. The series (7) then becomes 
1, 2, 4, 8; or, rejecting multiples of 5, 1, 2, 4, 3. We may then put 

R\ = A, {P\PiP\Pz)\ 

I^=A, {P,PiP{Pl)\ 

R\ = A, {P{P,P\Pi)\ 

R\ = A, (P}PSP,/i)* 
If we assume ^o to be zero, 

X, = A, {PlPIPiPs)^ + A,{P,PlPlPi)i+A,{P\P,PlPt)i + A,{PiPiP,Pl)K (31) 

§ 24. In a celebrated fragment (see Crelle's Journal, Vol. V, p. 336) found 
among the papers of Abel after his death, the root Vi of the solvable equation 
of the fifth degree wanting the second term was stated, though without any 
accompanying demonstration, substantially as follows : Let 

ai = j> + qVz +\/{hz + h\/z) 

(li = 2^ — Q^^ +\/(^2? — AV2) 

a^ = p + q^/^ — \/{hz + h^z) ' ^ ^ 

as = /) — q\^z — ^/{hz — h^z) 
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where p, q and h are rational, and 

z = 6*+l, (33) 

e being rational. Then, B^ being a rational function of ai, B^ the Bame rational 
function of a^, and so on, 

n = A (aJolaJos)* + A (aiafalal)* + B, (a?a^jaj)* + B^ (a}a|a4ai)*. (34) 

§ 25. The expression for ri in (34) is the root of a solvable irreducible quintic, 
not necessarily a pure Abelian. To obtain from it the necessary and suflScient 
form of the root of a pure Abelian quintic, we make use of the law referred to 
in § 5 , according to which the root of the pure Abelian quintic wanting the 

second term is Rl + R\ + i^s + R^ 

where R^ is a rational function of the primitive fifth root of unity w. By this 
law, to deduce the root x^ of a pure Abelian quintic from the root Ti of an 
irreducible solvable quintic as in (34), we have simply to pass from the more 
general expression ai to the less general expression which we have called Pj, 
because, in doing this, we necessarily pass from B^ to A^, B^ being a rational 
function of ai , and A^ a rational function of Pi . The question, however, is : 
Can we pass from ai to Pi? In other words, can the general rational function 
of the primitive fifth root of unity be subsumed under ai? That it can, may be 
thus shown : The value of w is 

Hence, if F{w) be the general rational function of w, 

F{w) =p + ifeVS + (i + wiV6)V(— 10 — 2V5), (36) 

where j>, h, Zand m are rational. Putting 

_ 5 (P + 6m' + 2fa)« 
^ ~ (? + 6m» + lOlmf 

and , — 2(P + 6CT*+106ft)« 

P+5m»+2/m ' 



(36) becomes 



rr/ X , i (P + 5m» + IOHV2 . WT . , .V 



i(P+6ro»+ IWm) 
or, putting q = p^6^,^2fa ' 



F{w) = i> + q^/z -\- ^{hz + h»/z) . (37) 
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The value of z given above conforms to the type (33), for it can be changed into 

f 2{P-5m^) Y 
lP+5m«+10/mJ "^ 

Hence the general rational function of the primitive fifth root of unity falls 
under -the expression for ai in (32). 

§ 26. The writer may perhaps be permitted to refer to a paper of his, entitled 
"Solution of Solvable Irreducible Quintic Equations," which appeared in this 
Journal, Vol. VII, No. 2. Assuming that the quintic to be solved has, by Jer- 
rard's application of the method of Tschirnhaus, been brought to the trinomial 
form x^ + px + q= , (38) 

he proved, in the article referred to, that it admits of algebraical solution only if 

6A*{S-B) 

and _ A'{22 + B) 

*~ 16 + ^ • 

When the coeflScients are thus related, take X a root of the equation 

x^ — Ba? — 631? + Bx + 1 = 0. 

P„f ,_ -(^^+I) 

^"* ^-^>l(>l-l) 

and Q_ —An{X-iy 



(16 + ^)(A+l)(/« + l)' 
then the solution of the equation (38) is 

This form of the root may at first sight seem to have no aflSnity with the 
Abelian form in (34) ; but, in a communication which was laid before the Royal 
Society of Canada at its meeting in May, 1886, and which is to appear in the 
forthcoming volume of the Transactions of the Society, the writer has shown 
the essential identity of the two forms. 



The Pure Uni-Sebial Abelian Quartic. 

Necessary and Sufficient Forms of the Roots. 

§ 21. Taking 2 = e* + 1 as in (33), the necessary and suflScient forms of the 
roots of the pure uni-serial Abelian quartic are the expressions ai» a^, 04, Ot in 

toin n. 
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(32); the rational expressions p, q.h^e being subject to the sole restriction 
that they must leave the equation of the fourth degree, which has ai, a,, a^ 
and ttg for its roots, irreducible. There is thus an intimate relation between the 
pure uni-serial Abelian of the fourth degree and the solvable irreducible equa- 
tion of the fifth degree. This is only a case of a more general law. If 2n + 1 
be any prime number, and if the forms of the roots of the pure uni-serial 
Abelian of degree 2n have been found, the necessary and sufficient forms of the 
roots of the solvable irreducible equation of degree 2n + 1 can be found. 

Necessity of the Forms (32). 

§28. Here an equation of the fourth degree f{pc) = is assumed to be a 

pure uni-serial Abelian ; and we have to show that its roots are of the forms 

tti, ttg, a^, ttg in (32). The roots of the equation /(a:) = 0, in the familiar 

Abelian notation, are 

a:i, ftri, d^x^, ff^x^. (39) 

Because Xi is the root of an irreducible quartic, its form is 

where P is clear of the radical V Q. Another root of the quartic is P — V Q. 
This is obtained from Xi by changing the sign of V Cj ^^d* ^y changing the sign 
of s/ Q in P — ^/Q, we return to P+V^or Xi. Hence P — a/ Q must be 
the third term in (39). Therefore 

0»Xi=P — ^/^. 

In passing from Xi to 0Xi, let P and Q become P and Q respectively ; then 

therefore B^x^= F — ^/ Q . 

In running through the series (39), the root of the equation /(a:) = undergoes 
all its possible changes. But, from the expressions that have been obtained for 
Xi, Bxi, Q'^Xi and Q^Xi, P can take only the two values P, P, and Q can take 
only the two values §, Q. Therefore each of the expressions P and Q is the 
root of a quadratic equation. Hence the only radicals occurring in Xi are 
square roots. But, when square roots are the only radicals in the root of an 
equation of the fourth degree, its root must be either 

or p + h^s -\-^{l -\' ms/s)) 



(41) 
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|), «, <, kj I and m being rational. Suppose, if possible, that Xi is of the first of 
the forms (40) ; then either 

flxi = ^ + Vs — \/t /. O^Xi = ^^ + Vs + \/< = a:i , 
or ftci = jp — \/8 + Vt .'. &^Xi=p +\/s + Vt=^ Xi, 

or fixi = jp — Ml/ 8 — Vt ,\ d^Xi = p + Vs + s/t = 5Ci. 

But the equation f(x) = 0, being a pure Abelian, is irreducible, and therefore 
cannot have equal roots. Therefore x^ is not of the first of the forms (40). It 
is therefore of the second. Consequently we may put 

a?! = 7^ + kf^8 + s/{l + in^i/s) 

dxi =j) — k\/s + \/(^ — ms/s) 

d^Xi =^ + k\/8 — \/{l + m\/8) 

d^Xi =^p — k\^8 — \/{l — m\/8) 

It is plain that d^Xi must have the place assigned to it in (41), because the 
change that causes x^ to become &^xi must transform 6^Xj into Xi. We can now 
determine the expression ^/{l + ms/s) more definitely. To pass from xi to Qxi 
we change the sign of \/« and take the resulting radical /\^{l — mV8) with the 
positive sign. In order that these changes may cause dxi to become O^Xi , the 
changes must admit of being made on dxi. In other words, the radical 
\^{l — m\/8), which does not occur in that form in x^ must be expressible in 
terms of the radicals in Xi. Therefore we must have 

\/(/ — mA/s) = {c + d\^8) + {g — r\/«) \/(Z + 7n^/8) , 

Cj df g and r being rational. Therefore 

l—m^/8=(c + d\/8y+{g — rA/8y{l + fn\/8)+2{c + dV8){g — rV8)\^{l+mV8). 

Hence (c + d^8){g — rV«) must be zero ; for, if it were not, ^/{l + m^s) would 
be a rational function of V«, which would make Xi in (41) the root of a quad- 
ratic. And g — r\/« cannot be zero, for this would make 

V(? — m^s) = c + dV«, 

and therefore, by (41), dxi would be the root of a quadratic. Hence c + d^^s 
is zero, and therefore 

V{1— ms/s) = {g — r^/8)^/ {I + mA/8). (42) 

By comparing the first three of equations (41) with one another, it appears that 
the change which transforms \/(Z + mA/s) into V{1 — mVs) causes \^{l — m\/8) 
to become — V(?+ m\^8). Consequently, fi'om (42), 

— V{1+ m^^8) = {g + rV8)V{l—m\/8). (43) 
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From (42) and (43), 



T 



By squaring both sides of (43) and equating the parts involving the radical \/^, 

2grl= m{l + jr' + r**). 
Therefore, by (44), 2grl = 2m (1 + gf*). 

Substitute in the first of equations (41) this value of Z, substituting at the same 

time for a/s its value in (44). Then, writing z for 1 + f — j and A for — , and 

kg 
qfor— , Xi =^p + q^z +V{hz + h^z). 

Thus the necessity of the forms in (32) is established. 

Sufficiency of the Forms. 

§ 29. We now take ai, a,, a^^ a^, as in (32), subject to the restriction that 
the quartic equation of which they are the roots must be irreducible, and we 
have to show that this equation is a pure uni-serial Abelian. The radical 
A/{hz — Tia/z), which occurs in a,, is not found in that foi:m in aj. But, keeping 
in view that z = c* + 1 , 

A/{hz — Aa/z) = ^^iZ:i v(Aa + hs/z). (45) 

It is obvious that the expression 

p — qVz H \/(A« + hjs/z) 

is a rational function of the expression 

p + qs/z + V{hz + Iia/z). 

Therefore o^ is a rational function of ai ; and the equation /{x) =: is a pure 
Abelian. That it is uni-serial may be thus shown. To pass from ai to o^, we 
change the sign of js/z, and take the resulting radical js/{hz — h^z) with the 
positive sign. Let these same changes be made on o^. The result, by (45), is 

p + qs/z — s/{hz — Ha/z) . 

And this again, by (45), is equivalent to 
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which, because z = 6* + 1 , is 

p + q\/z — \/{hz + Jia/z), or a^. 

Hence, in passing from ai to o^, we pass from a^ to Ui] and in like manner it 
•may be shown that the same changes of the radicals carry us from a4 to aa and 
from as back to ai ; consequently the pure Abelian equation /(a) = is uni- 
serial. 

The Fundamental Element of the Root. 

§ 30. The problem of the necessary and suflScient forms of the roots of the 
pure uni-serial Abelian equation of the fourth degree bas been solved. We 
propose to find the solution by another method ; and, with a view to a compari- 
son of the result obtained above with that at which we shall arrive by the 
second method, we may now find expressions for JSj, the fundamental element 
of the root, and for the derived expressions i?o, i?a, i^s* 

§31. By §5 the four roots of the pure uni-serial Abelian quartic equation 
/(x) = Oare x,= i?| + i?J + i?} + i?|, 

exi = Xi=:Rl + wR} + v?R\ + v?R\, 
e'xi = x,= Rl + w'Rl + R^ + w'Rl 
GPxi= Xs=Rl + w^R^ + v^Rl + wRl 

V) being a primitive fourth root of unity. Therefore, because ti;*= — 1, and 

uP=z — to, 

ARI = xi + x^ + X4 + arj 

4R\ = «! + u:^X2+ v?Xi + wxs = {x^ — x^j — t(?(xg — x^ 
4iZj —Xi + t£?*xg+ X4 + v?xs = [xi + X4) — (x, + Xs) 
4l?| = Xi + wx^ + v^Xi + vfixs = (xi — xj + t£? (xa — X3) . 

But, by what was proved above, 

Xi = jp + q\/z + \/(^2 + AVz), 
Xji = jp — q^z + \/(Az — ^ Vz) , 
jc^ =r 2? -f q^z — \/(hz + h^z) , 
Xs=^p — qs/z — s/{hz — h^z). 



(46) 



Therefore, by (46), 



2R\ = V(/»z + h^^z) — WA/{hz — A-v/2) , 
I^ = qVz, 
2i2| z=^{hz + h^/z) '\-w^{hz — h>/z). 
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Ro = p^ 



(47) 



Therefore, keeping in view that 2 = e* + 1 , and making use of the relation 
A/{hz + h\/z)^/{1iz — h^z) = he\/z^ 

4Ri = h'{e'+l){tDe — iy 

§ 32. It may not be out of place to observe that, in (47), R^ is not presented 
in the form in which it is a fundamental element of the root of the pure uni- 
serial Abelian quartic equation f{x) = ; that is to say, it is not in the form in 
which -Bo« ^% ^^^ ^3 c*^ ^® derived from it by changing w into w^, v? and v^ 
respectively. In fact, by changing tr in ^^ , as given in (47), into v?^ we should 

obtain ^^«(e»+ l)(e+ 1)»; whereas, by (47), R^ is jV or 3^(c*+ 1)*. The form 

of i?i, in which it is the fundamental element of a root of a pure uni-serial 
Abelian. quartic, will be determined afterwards. 



The Problem op the Necessary and Sufficient Forms of the Roots of the 
Pure Uni-Serial Abelian Quartic Solved from Another Point of View. 



The Fundamental Element of the Root. 

% 33. The necessary and suflScient forms of the roots of the pure uni-serial 
Abelian equation of the fourth degree may be found in another manner ; namely, 
by making use of the principles laid down in §6, so as to determine the funda- 
mental element Ri of the root. Let t£? be a primitive fourth root of unity. 
Take any rational quantities, 6, c, d, m. Find the rational quantities, ^, g^, r, «, 
by means of the three equations, equivalent to four linear equations, 

p -^^ q '\' r •\' 8 =d* 

p — 5 + ^ — s = 



m' 



(6«+ c7 

{p — r) + w{q — 8)= y^^ 

Then it will be found that 

i2j zzzp ^ qw'\' rio* + evf. 



(48) 



(49) 
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h and c being rational. Therefore, from (3), taking 2=2, 

R\={h'\-ca)Y^R\. (54) 

Therefore, by (5), taking c = 3 , 

R\ = {h — cwyml 

Therefore R\ = (6» + ^y\R,R,)^\ .^^. 

,. i?, = (6» + c')''\RiRs) ) 

But Ri is a rational function of w. We may put Ri=^ t-^rw and R^^^t — rwj 
t and T being rational. Therefore RiR^ is equal to the positive quantity ^ + r*. 
Therefore, from the second of equations (55), R^ is positive. 

§37. Because b + cw and Ri are rational functions of ti?, we may put 

{b + cwy^Ri=d + Sw, 

d and h being rational. Therefore, from (54), 

/?,= {(& + cw)--^Bi\^ = (? — *»+ 2d^w. 

Since R^ is rational, d5 = . And h must be zero ; for, if it were not, d would 
be zero, and we should have -ff, = — ^*> which, because i?, has been shown to be 
positive, is impossible. Therefore 

Therefore also (6 — cwy^R^ = d J 

Therefore R^Rr'= ld{b + cwy\'^d{V + c»)}». 

From (3), R^Rt^ is the fourth power of a rational function of w. Therefore 
{d (6* + c*)}* is the fourth power of a rational function of w. Therefore 

±d{b^ + c*) = {g + hjof = g^ — J(?+ 2gkw, 

g and k being rational, the double sign on the extreme left of the equation indi- 
cating that it is not yet determined which of the two signs is to be taken. 
Hence g7c=zO. Therefore =t d(6* + c*) is equal either to jr* or to — k?. That 
is, d (6* + c*) is the square of a rational quantity, with the positive or negative 

sign. Hence we may put 

d (6« + c») = m V, 

m being rational and n^* having one of the two values 1 , — 1 . Substituting for 
d in (56) its value now obtained, 

and ii;,= __^__^. 
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But «)** is either 1 or — 1. In tlie former case, 

^'- (4. + ,^) ■ (") 

In the latter case, «) * = lo*. Then 

■^- 6= + c> ■ 

an expression essentially of the same character as (57). Therefore (67) is the 
tmlTersal form of Ri- Prom (57), 

_ m'{b-cwf 
^^' - i» + o» • 

Therefore EjR,— m*. Hence, from (55), 

*' = (^T^- (^^> 

Let ^j , when ao expressed that it is the fundamental element of the root of a 
pure uni-serial Abelian quartic,' be 

£, = y + ^M + /w* + a'w' = (y — /) + « (j* — s*) , 
j/, g*, / and ef being rational. Then 

i2, = y+g'io»+ / + *'»'= (/+/)-(?'+«'). 
Therefore, by (57) and (58), 

And, by §5, B^ is rational. Therefore, d being some rational quantity, 

p' + ^ + r' + e>=^. (60) 

The equations (59) and (60) for the determination of y, ^, r*, ^ are the same 
as the equations (48) for the determination of p, q, r, a. Therefore 

y = ^, ff' = ?, t''=-r, «* = «. 
Hence Ry =jp + gw -f rv? + sw", 

which is the form of the fundamental element in (49). And, by §34, in con- 
structing the root Xi from its fundamental element, having assigned a definite 
character to £j , we then, knowing that R^R^ is equal to m*, selected the value 
of ^ BO as to make ^^ equal to m. Hence the necessity of the form of R^ 
in (49) and of the relation between the roots ^ and ^| indicated in (51) is made 
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good. At the same time, because B\R^ = m , R\l^ = m^; therefore, by the first 
of equations (55), i?J is positive. 

Suffixnency of the Forms. 

§ 38. To prove that the above forms are sufficient, we have to i^how that the 
conditions specified in §10 are satisfied, it being assumed that the equation of 
the fourth degree, of which the root is given in (53), is irreducible. The first 

condition is that R^ must be rational. This is satisfied by the first of equations 
(48). The next condition is that an equation of the type (3) subsists for every 
integral value of z. It will be enough to consider two values of z, namely, 2 
and 3. Because 

JSx = i> + Jt^? + rv^ + su^ = (i> — ' r) + tr (qr — s) 
and i2, =^ + qv?+ r + sv?^=:' (p + ^) -^ (? + *)> 

we have, from the last two of equations (48), 



m* m"* 



Hence an equation of the type (3) subsists when z= 2. Again, 

jBg = jp + jto' -f ^-v^ -^ 8W = {p — r) — w{q — s). 

But {p-^r) + w{q-s)= ^.J^^^ ; 

therefore (p — r) — w{q — «) = — ^^ , . 

Therefore RuRr « = m~* (6 + ctv)\b — cw)-^. 

Hence an equation of the type (3) subsists when z = 3 . Consequently an 
equation of the type (3) subsists for every integral value of z. The third condi- 
tion is that equation (5) must subsist along with (3) for every value of e prime 
to 4. As we may leave out of view values of e greater than 4, we have only 
to consider the case in which 6 = 3. Also it will be enough to consider the 
cases in which z is equal to one of the numbers 0, 2, 3. Let 2 = 0. Then 

equation (3) is R^ = \F{w)\Rl=: F{w). 

But RI is rational. Hence, changing w into w^, 

Rl=F{v^. 
Also JBJ, = ^ . Therefore 

Ri = F{v^=[F{v^)]Rl 



Pure Uni- Serial Ahdian Equaiione. 251 

This is equation (5); so that, when 2 = 0, equation (5) subsists along with (3). 
Next, let z = 2 . Then equation (3) is 

Ili-\F{w)\R\. ' (61) 

.-. Et = \F{w)}*Sl. 
Therefore, changing w into w", 

R,=z{F(vr')\*in. 
Therefore RI = u/{F{vt')\EI, (62) 

«/ being an n}'^ root of unity. From (61) and (62), 

Let F{w) ^zg-^-hw, g and h being rational. Therefore F{v:^) = g — hio. There- 
fore [F{w)}{F{ic^)} is equal to the positive quantity jr* + 7a*. Also, from the 
manner in which the root x^ was constructed in §34 from its fundamental 

element, RlRl=:m. Therefore (JSjjRj)* is positive. Also, in constructing the 
root, RI was taken positive. Therefore it/ is positive ; that is, tt/ = 1 • There- 
fore, from (62), R^ = {F{t^)\Rl (63) 

But, equation (61) being (3), (63) is (5) ; so that, when z = 2, equation (5) sub- 
sists along with (3) Finally, let 2 = 3. Then equation (3) is 

Rl = qiRl (64) 

qi being a rational function of w. Therefore 

R, = giRl. 

Therefore, changing w into to*, and denoting by q^ what qi becomes when w is 
changed into uP, Ri = qiRl* 

Therefore R^ = v/q^I^, (65) 

v/ being one of the fourth roots of unity. From (64) and (65), 

{R,Rs)%qs) wf=l. 
But in the same way in which the product of F(w) and F{vf) was shown to be 
positive, qiq^ can be shown to be positive. Also {R^R^^ = m . Therefore 
(jRjjBj)* = w*- Hence u/ must be positive. Therefore u/ = 1 , and (66) becomes 

R\ = qtRl (66) 

Equation (64) being (3), equation (66) is (5). Hence, whether z be zero, or 2 
or 3 , equation (5) subsists along with (3). Thus all the conditions specified in 
§12 are satisfied, and hence, by the Criterion in §10, Xj is the root of a pure 
uni-serial Abelian quartic. 



I 
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Identity of the Resvits Obtained hy the Two Methods. 

§ 39. It may be well to show that the results obtained by the two methods 
that have been employed for finding the necessary and sufficient forms of the 
roots of the pure uni-serial Abelian equation of the fourth degree are identical. 
In (47) W43 have expressions for JSj, R^ and R^ as determined by the first 
method. What we need to make out is that these are substantially the same as 
the expressions for R^j R^ and R^ obtained by the second method. By (48), 





1 






^t^i — 


6« + c» • 


Write 


2 ^"^ 


-. and - 

r 


- 6 for -T- . 




Then 










m» 


_ h* (6» + <^) 




b* + <?~ 


46* • 


Also — Fi— = 
6* 


= 1- 


• e* and 


26c 


Therefore 



or {b + cwy = 6* (1 — ewy. 

Therefore It^^ = 46^— (^ — ^)' = X (^ + ^^(^ ~ ^^ • 

The expression on the extreme left of this result is the value of Ri obtained by 
the second method, while that on the extreme right is the value of Ri obtained 
by the first method. The value of i?, by either method is what Ri becomes by 
changing w into to' or — t/?; so that, when the identity of the expressions 
obtained for Ri by the two methods has been established, the identity of the 
expressions for R^ follows. Finally, by the second of equations (48), 



i?,= 



m* 



(6» + c»)«' 
The above values of h and e make this 

Put 2 for 1 + e*, and 5 for -^ • Then 

R^ = S V, 
which is the expression for -ff, ^^ (47). 
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The Pure Uni-Serial Abeuan of a Degree which is the Continued Product 

OP A Number of Distinct Prime Numbers. 

Fundamental Element of the Root. 

§ 40. Let n be the continued product of the distinct prime numbers 

8, t, . . . . f d, b. (6'^) 

Take w a primitive n*^ root of unity. Then, if 

c, T, . . . . , 5, /? (68) 

be such that n = «r = <t = .... = 6/?, t/?' is a primitive a^^ root of unity, w"^ a 

primitive ^^ root of unity, and so on. Let 

t/7', w'^, uf^\ . . . . , uf^'~^ 



,rh 



uf , to''' , w 



,tA« 



w 



jh 



t-t 



w^ , t^*' , w^ 



w 



H 



4-t 



vf, t^, vf*^, . . . . , uP^ 



»-t 



(69) 



be cycles containing respectively all the primitive a^^ roots of unity, all the 
primitive ^^ roots of unity, and so on. Should the numbers forming the series 
(67) be all odd, each of the cycles (69) consists of more terms than one. Should 
the prime number 2 be a term in (67), say J, the last of the cycles (69) would 
be reduced to the single term uP^ which it will be convenient to regard as a cycle 
though it consists of only one term.' In this case A;= 1. It may be assumed 
that /I is less than ^, 7i less than ^, and so on as regards all the numbers «, <, etc., 
in (67) which are odd primes. The numbers X, A, etc., are prime roots of «, <, 
etc., respectively. Take Pj a rational function of te?, and, z being any integer, 
let P, be what Pj becomes when z is changed into vf. Put 






•^8 — ^i -iii ^it% .... r^n*- 
■^p ^^ P? P?* -f^jfc« .... P^jk*-' 



(70) 



In the case when one of the numbers in (67), say &, is 2, the last of equations 



(70) is reduced to 



P« = P«. 



^ 



^ 



(71) 



Then, if P^ be the fundamental element of the root of a pure uni-serial Abelian 
equation f{x) = of the n^^ degree, it will be found that 

P, = il?(4>;.^;....X/P|), (72) 

A^ being a rational function of w. 
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The Root Constructed from its Fundamental Element. 

§41. From jB^, as expressed in (72), derive R^, jB,, etc., by changing w 

into vfi, V?, etc. By § 5, the root of the equation f{x) = is 

_i_ j_ _i_ j_ 

i?o" + i?!* + i^j" + . . . . + R2^i' C^'^) 

To construct the root, we have to determine the particular n*^ roots of JSq, Ri, 
etc, that are to be taken together in (73). When w is changed into uf, let 
-4j, 4)i, i|/i, etc., become A,, 4),, '\^,, etc., respectively. Then 

i2, = A:{^%^1 X',,F,%)^ ^ 

therefore i?/ = m/^,(4):,^:, ^ii?^)^ J 

«/ being an n^^ root of unity. Let the integers not greater than n that measure 

w, unity not included, be 

w, y, etc. (75) 

For instance, ifn = 3X5x7 = 105, the series (75) is 

105, 35, 21, 15, 7, 5, 3. 

The n*^ roots of unity distinct from unity are the primitive n^^ roots of unity, 
the primitive y^^ roots of unity, and so on. For instance, the series of the 105^ 
roots of unity distinct from unity, containing 104 terms, is made up of the 48 
primitive 105*^ roots of unity, the 24 primitive 35*^ roots of unity, the 12 primi- 
tive 21^ roots of unity, the 8 primitive 15*^ roots of unity, the 6 primitive 7*** 
roots of unity, the 4 primitive 5*^ roots of unity, and the 2 primitive 3* roots of 
unity. The general primitive n^^ root of unity being w^, give v/ in the second 
of equations (74) the value unity for every value of z included under e. Then 

RJ = A, {^l^l, .... ZiF^) \ (76) 

Taking any other term than «, say y, in the series (75), since y is a factor of n, 
let yv=^7i. Then w^ is a primitive y^^ root of unity. Hence, since vf is the 
general primitive n^^ root of unity, all the primitive y^^ roots of unity are in- 
cluded in vf^. If v/, in the second of equations (74), be vf when 2 = t?, let it 
have the value nf* when 2 = et? . Then 

Rl = vf-A^ {ip^^^l,^ .... ^iaJ^A,)\ (77) 

Form equations similar to (77) for the remaining terms in (75). In this way, 
because the series of the n*^ roots of unity distinct from unity is made up of 
the primitive n^^ roots of unity, the primitive y^^ roots of unity, and so forth, 
all the terms l,2,....,n — 1 are found in the groups of numbers represented 
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by the subscripts e, et?, etc., with multiples of n rejected. Consequently, in 
determining JSJ*, R^^ etc., as in (76), (77), etc., we have determined all the terms 

Substitute, then, in (73) the rational value which R^ can be shown, as in § 8, to 
possess, and the values of the terms in (78) as these are determined in (76), (77), 
etc., and the root is constructed ; in other words, the expression (73) shall be 
the root of a pure uni-serial Abelian equation of the n*'* degree, provided always 
that the equation of the n}'^ degree, of which it is the root, is irreducible. 

• ... 

Necessity of the Above Forms. 

§42. Here we assume that the root of a pure uninserial Abelian equation 
f{x) = of the vF^ degree is expressible as in (73), and we have to prove that 
its fundamental element i2i has the form (72), and that the terms in (78) are to 

be taken as in (76), (77), etc., while R^ receives its rational value. 
§ 43. By (3), z being any integer, 

Ri = \F{w)\Rf, 

F{w) being a rational function of w. And equation (5) subsists along with (3) ; 
that is, vf being the general primitive n*'^ root of unity, 

Ri.=^[F{w^)]Rf. 

Taking2=l, R^r^B.R~, 

B^ being a rational function of t^;'. In like manner, taking 2 = %, 

Revk =^ G^Re * > 

G^ being a rational function oi vf. In this way it can be shown that each of 
the terms in the series 



A— A-^ A-* 



•^€9 1 -^^wX 1 -^eaX*} • • • • , Rg^\' *) 
yA 

is the product of R^* by a rational function of w\ Therefore 

{RC'Rii'Ri:: .... i?..A-o^ = ^.«; (79) 

where F, is a rational function of vf, and 

d = a*{8—l)X*-*. (80) 

So also (Ri'^H^H' .... R„,'-'f = G.R: 1 



»_8 j^a £ J? 

{R^p Rgpi^ .... ^a^**-0" ^^ ^eRe 



M 



(81) 
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where G^, H^, etc., are rational functions of fjtf, and 

\ (82) 

From (79) and (81), 

{rC . • • O^^r" . . . 0^ • . . . (^r* . • . .)^ = Q.Rt (83) 

where Q^ is a rational function of vf, and A is the sum of the terms d,h, ...., D] 
that is, by (80) and (82), 

A=:(y»(«— 1)X'"» + T»(< — l)A'-» + + ^(j_i);fe»-». (84) 

Because &/? = n = «o^, and the prime numbers h and s are factors of n distinct 
from one another, & is a factor of a . Hence & is a factor of the first of the 
separate members of the expression for A in (84)* In like manner & is a factor 
of all the separate members of the expression for A except the last. And it is 
not a factor of the last. For, assuming the prime fiictors of n in (67) to be all 
odd, since the last line in (69) is a cycle of primitive V^ roots of unity, h is 
prime to h . And h — 1 is necessarily prime to h . And ^ is prime to h , because 
^ is the continued product of those prime factors of n which are distinct from h . 
Hence j3*(6 — 1) A:*"* is prime to h. The conclusion still holds if 6 is not odd, 
but equal to 2. For, in that case, ^ = 1 and h — 1 = 1 ; so that 

i3»(i — l)A*-» = i3». 

Now, ^ is odd, because ^ is the continued product of the odd factors of n. Hence 
^ is prime to & or 2. Whether, therefore, the terms in (67) are all odd or not, 
every one of the separate members of the expression for A in (84) except the 
last is divisible by h , but the last is not divisible by h . Hence A is prime to 
h. In like manner A is prime to each of the factors of n. Therefore it is prime 
to n. Therefore there are whole numbers m and r such that 

m A = 771 + 1 . 
Therefore, from (83), 

\ti^ • • • •) \-^tr • • • •/ .... (-^ep • • • '/ * ^ \ Ve ■*^«/ -^e • 

For any integral value of z, let (RTY be written P,". Then, putting A^^ for 
i_ 

^^, Rl il7^ is the continued product of the expressions 

(-*«<r -ffaA • • • • •* «aA*"v"> 

r • 

(^Tr ^T* • • • • I^eih*~*)'i 



,d-t ...tf-1 



(■P«« ^Hl . . . • P««i^-V", 



\ 
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where le^ is a rational function of w, and \ is what Tci becomes by changing w 
into vf. By putting e = 1 in (85), 

Taking this in connection with the second of equations (87), 

{R^Rrf ^w-{A,AT'^)q{Fr'xr' ^ . . -f {(4>.>r'')(^;.^r'0 • • • -f^- (89) 

In like manner^ by putting c for e in (85), and taking the result in connection 
with the first of equations (87), 

From (89) compared with the first of equations (88), and from (90) compared 
with the second of equations (88), 

h=vf{A,Ar)Q{Fr'.. . .V {{rv.^pj'^x^irYr j--f^y (91) 

and k^=w^{A^A7-)Q{Fr,''^. . . .f {{rcv.1>7/^M 

By §9, because ^^ is of the same structure as the expression (8), 

q^ being a rational function of the primitive s^^ root of unity w"". And, since it 
appeared from the reasoning in §9 that the nature of the function does not 
depend on the particular primitive s^^ root of unity denoted by w'', we have at 
the same time , . ^-«\t 

\9evir9cfr' ) — 9c^ 1 

q^^ being what q^ becomes when tc is changed into vf. Therefore, because 8a=:n, 

and (4>:»,^^'')"=?ca. 

Similarly, {^lr^7''f = q'r 

and {'^l,/i'Z''f = q'cr , 

where qi is a rational function of w',. and q'^^ is what q^ becomes when to is 

changed into lo". Therefore, from (91), 

h = to<'{A,Ar)Q{Fr''....)'iq,q^ ....)l (93) 

and k, = vf {A^r)Q{Fr,^ . . . -fiqcaq^ ..••)) 

But again, because '(j9 = n = ^v, and y is not a multiple of &, v is a multiple 

of b. Therefore »/3 is a multiple of bfi or n. Therefore F^ is a rational 
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function of tr^ In like manner X^^* is a rational function of vf^ and so on. 
Therefore the second of equations (92) may be written 

A;,= uf^AcAV'') QKiqeaq'er ), 

where J^ is a rational function of w"". In like manner, from the first of equa- 
tions (92), ki = uf{A,Ar) QM, {q^l ), 

Ml being what M^ becomes in passing from tv^ to w . By § 4 we can change w in 
this last equation into w^. This gives us 

K = w^'{A,A7')QM, {q,^^„ ....). 

Comparing this with the value of h^ previously obtained, vf = vf^. Therefore 
the first of equations (87) becomes 

ni = uf' A,,Q {^c^Al^ . . . .f. 

Replacing Q by {F^^pX^ ...-)'» ^^^ putting c for c, which we are entitled to 
do because uf may be any one of fhe roots included under to*, 

lit = W'-A,,{re^'4^:^ • • • • ^e'.,f. 
l_ 

which is the form of R^^ in (77). 

Sufficiency of the Forms. 

§46, Here we assume that Ri has the form (72), and that the terms in (78) 

are determined by the equations (76), (77), etc., while Rq receives its rational 
value. We have then to prove that the expression (73) is the root of a pure 
uninserial Abelian equation of the n*^ degree, provided always that the equation 
of the n^ degree, of which it is the root, is irreducible. 

§46. In the first place, it has been shown that there is an n^^ root of Rq 

which has a rational value; and, by hypothesis, Rq has been taken with this 
rational value. In the second place, an equation of the type (3) subsists for every 
integral value of z. For, let z be a multiple of n . In that case it may be taken 
to be zero. Then (R,Rr'f= Rj. (93) 

But jBq is the n^^ power of a rational quantity. Therefore (93) is an equation of 
the type (3). If z is not a multiple of n , it may be a multiple of some of the 
factors of n, say b, d, etc., though not of others, say s, t, etc. Because z is a 
multiple of 6, and b^=^n, z^ is a multiple of n. Therefore ^,^ = ^0- ^^^ 
F§ is the n^^ power of a rational quantity. Therefore F^p is the n*^ power of a 
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rational quantity. In like manner X/a is the n^ power of a rational quantity, 
and so on. But 

Since each of the quantities -F/^, -Zji, etc., is the n^^ power of a rational quantity, 
let their continued product be §", Q being rational. Then 

i2,= (^Cm.%^:.....)- (94) 

Again, because z(3 is a multiple of n, F^'^ is the n^^ power of a rational func- 
tion of to. In like manner -Zi"** is the n^^ power of a rational function of w, 

and so on. Let {F^'^Xr'^ ) = Mr% 

Ml being a rational function of w. Then 

Rr'= Ar^{Fff^\ . . .)(<?>r'^^r". . . .) 

= (^i^i)""(4^7''^r'....). (95) 

From (94) and (96), 

R,Rr={A,ATr{Q^rr\{l>l.^7'')(<^lr^7n •••.}. (96) 

From the structure of the expression 4>^, ^g^^J' is, by §9, the s^^ power of a 
rational function of w"". Therefore, because ot == n, ^1,^7'' is the n^^ power of 
a rational function of w. In like manner ^'J^'^r'' is the n*^ power of a rational 
function of w, and so on. Therefore, from (96), R^R^' is the n^ power of a 
rational function of w. This establishes equation (3) when z is the continued 
product of some of the prime factors of n , but not of all. It virtually estab- 
lishes equation (<3) also when z is prime to n, because this case may be regarded 
as included in the preceding by taking the view that the factors of n which 
measure z have disappeared. Thus, whether 25 be a multiple of n or be a mul- 
tiple of some factors of n, but not of others, or be prime to n, an equation of 
the type (3) subsists. In the third pUtce, an equation of the type (6) subsists 
along with (3) for every value of e that makes vf a primitive rF^ root of unity. 
For, let n be prime to 71. It is then included in a. Also, since z and e are both 
prime to n, ze is included in e; and unity is included in e. But, from the 

manner in which the root was constructed from its fundamental element, Rl is 
determined as in (76). Therefore we have the four equations 

I^=A,{r.^\ ....Fi)\ 

Rf=A,{q>l^l ....Fl,f, 

R^^A,{p%'^^^ ....Ff,f. 
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Therefore (i?^*)' = (.i^r'K^ftr^^ ; ytfi^n > l (97) 






and {R^R: ') ' = {A,,A:%^,^^\ 

Because (4>^4>7*)" and other, corresponding expressions have been shown to be 
rational functions of the primitive ri^ root of unity w^ the two equations (97) 
correspond respectively to (S) and (5). If z be not prime to n, and yet not a 

multiple of n, it may be taken to be et?, where v is equal to — , y being one 

y 

of the terms in the series (76) distinct from n, and vf being the general primi- 
tive ri^ root of unity. Then, just as we obtained the pair of equations (97) by 
means of (76), we can now, by means of (77), obtain the pair of equations 

where vf represents any one of the primitive n**^ roots of unity. Because such 

expressions as (4>ei»a4>7*')" ^^^ (^^fw^^J^*")" ^^® rational functions of t^?, the twa 
equations (98) correspond respectively to (3) and (6). Finally, should 15 be a 
multiple of n, it may be taken to be zero. Then the equation corresponding to 
(3) is, qi being a rational function of w , 

i. JL i. 

Rl = qiRl ; or, since z = , R^ =5^1. 

But jBo* is rational. Therefore q^ is rational. Therefore ji = y« ; in other words, 

i- i. 
qi undergoes no change when w becomes vf. Also 22^ = R^ = q^ . Therefore, 

— i_ i 

since jB; = 1 , ^i = qj^e t 

which is the equation corresponding to (6). Therefore, whatever z be, the 
equation (6) subsists along with (3). Hence, by the Criterion in § 10, the 
expression (73) is the root of a pure uni-serial Abelian equation of the n*^ 
degree. 

The Pure Uni-Serial Abelian of a Degree which is Four Times the 
Continued Product op a Number op Distinct Odd Primes. 

Fundamental Element of the Root. 

§47. Let n=47n, where m is the continued product of the distinct odd 
prime numbers, 8, <,...., d, h. (99) 

Take cj, r, , 5, /?, (100) 
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such that n = 5(T = <T =...• = 6/3 . Let w he o. primitive n^^ root of unity. 
Then tt?"* is a primitive fourth root of unity, w'' a primitive s^^ root of unity, and 
so on. Let 



w"", vf^j vf^'' ^ . . . . , vf^ 



• -2 ^ 



t(?^, tc^*, w 



.tA« 



IC 



Jh 



r-a 
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W J Vf\ VO 



.««« 



• • • • 



w 



M 



4-t 



v:^^ vf^, wP^\ . . . . , tc^ 



>-« 



(101) 



be cycles containing respectively all the primitive s^^ roots of unity, all the 
primitive ^ roots of unity, and so on. Let Pi be a rational function of w , and, 
for any integral value of 2 , let P, be what P^ becomes by changing w into vf. 
We can always take Pi such that P^ shall have the form of the fundamental 
element of the root of a pure uni-serial Abelian quartic ; that is, P^ may receive 
the form of Ri in (49) as determined by the equations (48). For, because Pj is 
a rational function of w, 

JF\ = a + aiw + a^v? +....+ a,»_l^^"■"^ 

the coefficients a, ai, etc., being rational. Therefore 

P^zzza-^- a^vf + a^v?"" + etc. 

= (a + a4 + etc.) + vf (aj + a^ + etc.) + to*** (oj + etc.) + v^"^ (oj + etc.) . 

This may be written 



P^ = / + fvf- + fv^ + f'vf-^. 



(102) 



All that is required in order that Pi may be a function of the kind described is 
that P^ in (102) be of the same character with R^ in (49). That is, we have to 

make f^p, f = q, /" = r, /'" = s. 

By means of these four linear equations, the necessary relations between the 
quantities a, ai, o^, etc, can be constituted. Having thus taken Pi subject to 
the condition that P^ shall have the form of the fundamental element of the 
root of a pure uni-serial Abelian quartic, put 
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the primitive 2* root of unity. According to our usual notation, let P^, 4>,, etc., 

be what Pi, 4)1, etc., become when w is changed into vf^ z being any integer. 

Then, from ( 1 04), R, = A^ {P7m<PlMr . • . . P^) ) , ^ 

J- JLV (108) 

Therefore R; = uf AXP^m^zA^lr . . . . P&) " j ^ ' 

v^ being an n^^ root of unity. The general primitive rfi^ root of unity being vf, 
give uf in the second of equations (108) the value unity for every value of z 
included under e . Then 

r: = a, {p:^:,^:^ .... F!,f. (109) 

Taking any number y distinct from n in the series (107), since y is a factor of n, 
let yv = n. Then w"" is a primitive y^^ root of unity. Hence, since itf is the 
general primitive n*^ root of unity, all the primitive y*^ roots of unity are 
included in itf''. If v/ in the second of equations (108) be nf when z = t;, give 
v/ the value w^*^ when 2 = cv . Then 

Rt = vf-A^ {I^re^ .... Ft,Y. (110) 

The expression P„» having the form of the fundamental element of the root of a 

•L 1 

pure uni-serial Abelian quartic, it is understood that, in (110), Pj^ or Pl^ 
is taken with the value which it has in the root 

pI+pI + pL + pL 

of a pure uni-serial Abelian quartic ; and consequently, when r is a multiple of 
2, vf^ ipust have the value unity. Form equations similar to (110) for the 
remaining terms in (107). In this way, because the series of the r^ roots of unity 
distinct from unity is made up of the primitive rjf^ roots of unity, and the primi- 
tive y^^ roots of unity, and so on, all the terms 1, 2,.. ..,71 — 1 will be found 
in the groups of numbers represented by the subscripts e, e«, etc., when multiples 

of n are rejected. Consequently, in determining i?/, 22/^, etc., as in (109), (110), 
etc., we have determined all the terms 

Ri , R! f . . . . 1 Rn^i. (m) 

Substitute, then, in (106) the rational value of Rq, and the terms in (111) as 
these are determined by the equations (109), (110), etc., and the root is con- 
structed; that is, the expression (105) is the root of a pure uni-serial Abelian 
equation of the n*^ degree, provided always that the equation of the n*^ degree, 
of which it is the root, is irreducible. 
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Necessity of the above Forms. 

§61. Take s, any one of the odd prime numbers in the series (99). Let 
Oo, ai, Oj, etc., be rational functions of vf. Then, because sa = nj Qq, Qi, 
etc., are clear of tr^ though they may involve the primitive fourth root .of 
unity vf^, the primitive ^^ root of unity w^, and other corresponding roots 
exclusive of w"". The terms tc% t^?'\ etc., in the first of the cycles (101), being 
all the primitive s^^ roots of unity, I assume that if 

the coeflScients ao, a^, etc., are all equal to one another. 

§52. The general primitive n^^ root of unity being uf^s — 1 values of e, 
leaving distinct residues when multiples of s are rejected, can be found of the 

form go+l, (112) 

g being a whole number. For, since sa = n, the s — 1 terms 

or + 1, 20"+ 1, , {s—l)a+ 1 (113) 

are all less than n. Of these terms, not more than one can have a measure in 
common with 7i. For suppose, if possible, that two of the terms in (113), 
acT + 1 and ba + 1, have a measure in common with n. The measure which 
acT + 1 has in common with n cannot be any of the measures of a. Therefore, 
since «<t = n, it must be the prime number s. We may therefore put 

aa + l=zhs. 
In like manner, Jcr + 1 = fe , 

h and k being whole numbers. Therefore, assuming a — 6 to be positive, 

(a — 6)(r=(A — k)s. 

But a — 6 is less than the prime number s. It is therefore a measure of A — Jc. 
Therefore or is a multiple of s] which, because a is four times the continued 
product of the odd prime factors of n exclusive of « , is impossible. Hence not 
more than one of the s — 1 terms in (113) can have a measure in common 
with n. In other words, s — 2 of the terms in (113) are prime to n. There- 
fore s — 1 of the roots 

are primitive n*^ roots of unity. This implies that there are s — 1 values of g 

Vol. IX. 
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in (112), zero included, which make vf"^^ a primitive n*^ root of unity. Let 
two of these values of g be gi and g^. Put 

grior + 1 = qiS + r^ 

and fl^20'+ l = ?8« + ^2» 

qi and q^ being whole numbers, and Vi and r, whole numbers less than s. Sup- 
pose, if possible, that ri = rg ; then 

{gi — g%)<^ = {qi — q%)», 

which, as above, makes a a multiple of «, and is therefore impossible. Conse- 
quently, the s — 1 residues after multiples of s have been rejected from the 
s — 1 diflferent values of grcj + 1 are all different from one another. 
§53. It can now be shown that equations 

(^m.^0* =JPm \ /ii4\ 

and {Rem,R;;:i' = pJ ^ ^ 

subsist for every integral value of z and every value of e that makes vf a primi- 
tive n*^ root of unity, p^ being a rational function of vf, and p^^ being what 
Pm becomes when w is changed into vf. By (3) and (5), because Ri is the funda- 
mental element of the root of a pure uni-serial Abelian equation of the n**^ 

and {R,^,Rz:y =K, 

\ being a rational function of w, and h^ being what Ici becomes when w is 
changed into vf. Therefore 

and (,R,^,Rz:i^=T:T\ ^ '^^ 

In the second of these equations, give e a value, say c, falling under the form 
(112). Then {RcmzR^)^ = K^ (116) 

Since or is a multiple of 4, we may put c = 4d -f- 1 . Therefore cm = dn + m . 
Therefore vf^ = vf", and vf^*=-vf^. Therefore (116) may be written 

(i?,,iJ^O* = ^- 
This, compared with the first of equations (115), gives us 

^^ = Af. (117) 

Since 16^ is a rational function of a primitive ri^ root of unity, and the first of 
the cycles (101) contains all the primitive 6*** roots of unity, we may put 

^ =r a^, + a^rif -f- o^vf^ + + a^^Y^if^\ (118) 
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where the coeflScients a©, Oi, etc., are clear of vf] though, for anything that has 
yet been proved, they may involve ucT , vf and other corresponding roots exclu- 
sive of vf. In (118), by the Corollary in §4, we can change w into vf. This 
causes k^ to become A^, and vf to become vf''. The coefficients a©, aj, etc., are 
rational functions of vf^ and, when w is changed into id^^ vf becomes vf' ; but, by 
(112), C8'=ign + 8] therefore w"" = vf. This implies that the coefficients a©, a,, 
etc., remain unaffected when w is changed into w"^. Therefore 

A^ = ao + aii«?^' + cfg^f ^'^ + etc. 

Therefore, from (117) and (118), 

aiuf + a^vf^ + etc. = a^w'' + a^v)''^ + etc. (119) 

It was proved in §52 that c may have 8 — 1 values, including unity, which leave 
distinct residues when multiples of s are rejected. Therefore one of these resi- 
dues distinct from unity must be ^, which was supposed less than «, and is not 
unity. Giving c in (119) the value which leaves the residue 31 when multiples 
of 8 are rejected, the equation (119) becomes 

vf^ (oi — Og) + vf^'' (oj — dg) + etc. = . 

Here, by §51, the coefficients ai — o^, a^ — as, etc., must all vanish. This im- 
plies that ai, Oj, . . . . , a,_i are all equal to one another. Hence 

Arf = cfo + ai {w'' + w""" + etc.) zzza^ — a^. (120) 

Thus J<^ is clear of vf. In like manner it can be shown to be clear of all the 
roots "lif , w^, . . . . J w\ vf; 

it is therefore a rational function of tv^. Let it be written p^. Then the equa- 
tions (116) become {R^gR;;^^)^ =^Pmy 

p^ being what^„j becomes when w is changed into t6-*. These are the equations 
(114). 

§ 54. From what has been established, it follows that Bn has the form of 
the fundamental element of a pure uni-serial Abelian quartic. For, by § 10, all 
that is required in order that R^ may have such a form is that the equations 
(114) should subsist, and that B^ should have a rational value. By §5, since i?i 
is the fundamental element of the root of a pure uni-serial Abelian equation of 

the nf'^ degree, Bj has a rational value. Therefore BI has a rational value. 
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§ 55. In the very same way in which (83) was established, it can be proved 

that RliRCRi-: .... i2,,x-)"' • • • • (^r* . . . .)^ = qM. (121) 

where Q^ is a rational function of vf, and 

A = 77i« + <T«(5— l);i— * + 'r*(<— l)A'-*+ +/3»(6— l)ifc^-«. (122) 

Because m is the continued product of the odd factors of n, m* is odd. But 
each of the expressions s — 1 , / — 1 , etc., is even. Therefore A is odd. There- 
fore A is prime to 4. Again, because m is the continued product of the odd 
factors of w, it is a multiple of 6. And, because ^ = 5^3, a is a multiple of b. 
In like manner r is a multiple of 6. In this way all the separate members of 
the expression for A in (122) except the last are multiples of 6. And, by the 
same reasoning as was used in §44, /3*(6 — 1)7^""* is not a multiple of 6. 
Therefore A is prime to 6. In like manner it is prime to «, <, etc. Therefore 
it is prime to n. Therefore there are whole numbers v and r such that 

V A = ?7l + 1 . 
Therefore, from (121), 

RtiRi"'. . . .fiR^'. . . 0^. • . . (^^"'. . . 0^'= (e:^)^f- (123) 

For any integral value of z, let R* be written Pg, Then, by (103), putting 
-4r^ for QlR",, (123) becomes 

Rf = A,{PZ.re.^lr....FUf. (^24) 

Therefore R^ = A^ {PZVAl i^D • (125) 

But P^ is the same as iZ^. Therefore, by § 54, P^ is of the form of the funda- 
mental element of the root of a pure uni-serial Abelian quartic. Therefore the 
expression for Ri in (125) is identical with that in (104), and thus the form of 
the fundamental element in (104) is established. Also, it was necessary to take 

Rq with its rational value, because, by § 5, uRq is the sum of the roots of the 
equation /(x) = 0. And equation (124) is identical with (109), which estab- 
lishes the necessity of the forms assigned to all those expressions which are 

contained under R* . It remains to prove that the expressions contained under 

R*„, — or y being a term in the series (107) distinct from n, have the forms 

assigned to them in (110). The details to be given here are very much a repe- 
tition of what is found in § 44 ; but, to prevent the confusion that might arise 
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from explanations and references, it is thought better to present the reasoning 
again with some fulness. 

§66. Since yt7 = n, and y is not equal to n, y is the continued product of 
some of the factors of n, but not of them all. Let », t, etc., be the odd factors 
of n of which y is a multiple; and 6, d, etc., the odd factors of n of which 
y is not a multiple. Because yv'=^n^='h^^ and h is not a factor of y , h 
is a factor of r. Let v'=^ah] then v^^an. Therefore F^^^i^Fq. In like 
manner X^^=^Xq, and so on as regards all those terms of the type F^^ 

n 
in which -r- or 6 is* an odd factor of n, but not a factor of y. Hence, putting ev 

i_ 
for z in the second of equations (108), and separating those factors of R^ that 

are of the type F^p from those that are not, 

^€9 ^^ ^ -^et> (-^0-^0 .•••)" (-feim^w ••••)"» 

tcf' being an nr^ root of unity. We understand that F;, X^, etc., are taken with 
the rational values which it has been proved that they admit, and, as in § 44, 
their continued product may be called Q. Then 

rI = v/'A,,Q (P^^:,, . . . .)^. (126) 

When e is taken with the particular value c, let ^' become vf, and when e has 
the value unity, let t^/' become vf. Then 

-Bj*^ = t^?''-4^Q(PJ^^Jp^ . ...)"( (127'i 

and R: = w^A^Q (/^<?)?, )^ ) 

Because JSj is the fundamental element of the root of a pure uni-serial Abelian 
equation of the n^^ degree, equations (3) and (5) subsist together; hence, because 
w^ is included in uf, r j? j?-t>\^ — h ) 

and {R„Rr'')^=7cJ 

where ki is a rational function of w, and k^ is what Jci becomes by changing w 
into to*. By putting e equal to unity in (109), 

Rf = A,{PZq>:....F^f. 
Taking this in connection with the second of equations (127), 

{R,Rr^f=tif{A^r)Q{Fr'^ . • ^{{Pz.i^'^xr^i^T'') • • . .}"• (129) 
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In like manner, by putting c for e in (109), and taking the result in connection 
with the first of equations (127), 

{R^R:^Y = vf{A^A7^)Q{Fr,^^. . . .f\{P^P7nr){re^q>Z'^) . . . .p. (130) 

From (129) compared with the first of equations (128), and from (130) com- 
pared with the second of equations (128), 

h^w-{AAr)Q{Fr'' . • •)^i(^i^'")(4>:.<?>7'") . • . -T^ ) (^gi) 

and k, = w^ {A,A7 ') C (i^^ ^^ • • 0^ { {PZmPzDirc^^Tr) • • . . } ^ ) 

Exactly as in § 44, it can be shown that 

{rc.a1>Z'''V = qc. (132) 

q^ being a rational function of the primitive n^^ root of unity w^. Also, it has 
been proved that P^ is of the form of the fundamental element of the root of a 

pure uni-serial Abelian quartic. Therefore, by (3), {PetmP^Y is a rational 
function of the primitive fourth root of unity vf^. Therefore, because n = 4m, 

(P^mPm*^)" is a rational function of the primitive n*^ root of unity vf. Put 

(/?^i^''")^=^^ (133) 

Again, exactly as in §44, Fc^ • =g'c'> (134) 

q'J being a rational function of t^?*". By (132), (133), (134), and other correspond- 
ing equations, the second of equations (131) becomes 

h=w^{A,,A7^)Q{q,q!,q^J. . . .). (135) 

In like manner, from the first of equations (131), 

h = w-{AAr)Q{qiqiq[^....), 

<lii ?!» Gtc, being what q^, q!., etc., become in passing from w'' to w. It may 
be noted that this assumes thiat we are entitled to. change equation (133) into 

(i^/^'")^=?i'. 

•L * «• 111 

The warrant for this lies in the fact that the roots P!l^ , Pjm » Psm > or Pi , Pl^ , Pl,^ , 
were taken with the values they have in the root 

pI + pI + pL+pL 

of a pure uni-serial Abelian quartic. This being so, the equation 

f Dm T;}^vm\» ...^ -,f 
y-^vm^m ) — 9l 

corresponds to equation (3), while (133) corresponds to (5), and, by §6, equations 
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Therefore (/?.ii;r') ^ = (^^fO (i'..^ 






(136) 
and (R^Rr') ' = {A,^A7'){P^Pz;. 

m 

Because (P^^P;^*)" and other such expressions have been shown to be rational 
functions of the primitive n*^ root of unity, the two equations (106) correspond 
respectively to (3) and (5). If z be not prime to n, and yet not a multiple of 

w, it may be taken to be et;, where v is equal to — , y being one of the terms 

y 

in the series (107) distinct from n, and vf being the general primitive n*^ root of 
imity. Then, just as we obtained the pair of equations (136) by means of (109), 
we can now, by means of (110), obtain 

[B^Ri^^y = (-dgp-dj"*") (P^p^P"*'')" . . . . f fl37^ 

where vf represents any one of the primitive n*** roots of unity. Because 

(PeemJF^*")" and other such expressions have been shown to be rational functions 
of the primitive v^^ root of unity, the two equations (137) correspond respectively 
to (3) and (5). Finally, should 2 be a multiple of n, it may be taken to be zero. 
Then the equation corresponding to (3) is 

Rl zziq^R* ^ 
gi being a rational function of to . Or, since 2=0, 

r; = qi. • 

But Rq is rational. Therefore qi is rational. Hence, if q^ be what qi becomes 

JL i_ -1 

in passing from w to iff, 2« = jTi* Also i?^ = R^ = q^. Therefore, since JB." = 1 , 

which is the equation corresponding to (5). Therefore, whatever z be, the equa- 
tion (5) subsists along with (3). Hence, by the Criterion in § 10, the expression 
(105) is the root of a pure uni-serial Abelian equation of the n^^ degree. 



Pwre Vhi'Serial Ahelian Equations. 278 

Solvable Irreducible Equations of Prime Degrees. 

§68. Let /(a) = be a solvable irreducible equation of the prime degree n. 
Even if it be not a pure Abelian, the necessary and suflScient forms of its roots 
can, by means of the problems solved above, be determined in all cases in which 
n is either the continued prod^u^ of a number of distinct primes or four times the 
continued product of a number of distinct odd primes. 

§59. It is known that the root of the equation is of the form 

k + Rf + Rt+ + -Bn-i» (138) 

where k is rational ; and 

Uli li%, • • • • 1 -^n — If (139) 

are the roots of an equation of the n^^ degree, that is, of an equation with 
rational coefficients. Let this equation be 4> (a;) = 0. The root of the equation 
f(x) = may also be expressed in the form 



■— 1 



k + R; + oii?; + biR^ + + CiRi' , (140) 

where ai, 5i, etc., are rational functions of Ri. The separate members of the 
expression (140) are severally equal to those of the expression (138); that is. 



•— 1 



jBj =r aiRi , R^ =^ ^1-^1 ,...., /^n— 1 ■" ^iR\* • (l^l) 

Therefore R^^^^a^R^. Hence, since ax is a rational function of ^i, ^ is a 
rational function of Ri. The expression Ri is thus the root of a pure Abelian 
equation, which, moreover, is known to be capable of having its roots arranged 
in a single circulating series, and therefore to be what we have called a pure 
uni-serial Abelian. A quotation from a remarkable memoir which was pre- 
sented in 1863 by Herr Leopold Kronecker to the Academy of Berlin, and of 
which a translation is given in Serret's Cours d'Algfebre Sup6rieure (Vol. II, p. 
654, 3d edition), will show how the case stands. In Eronecker's memoir ii indi- 
cates the degree of the equation, and is therefore our n, while A, B^ C7, etc., 
are quantities involved rationally in the coefficients of the equation f{x) = . 
Having given, after Abel, what are substantially the two forms (138) and (140), 
Kronecker adds : " II est bien vrai que toute fonction alg^brique, satisfaisant au 
probl^me propos6, doit pouvoir so mettre sous ces deux formes ; mais ces formes 
sont encore trop g6n6rales, c'est-^-dire qu'elles renferment des fonctions alg6- 
briques qui ne r6pondent pas k la question. Je les ai done 6tudi6es de plus pr^, 
et j'ai trouv6 d'abord que parmi les fonctions renferm^s dans la forme (2) " [the 

VOL. IX. 
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same as (138)] *'celles qui satisfont au problfeme propos6 doivent avoir la pro- 
pri6t6 nonseulment que les fonctions sym6triques de ^, iZ,, etc., soient ration- 
nelles en J., jB, C, etc. (ce qu'Abel a remarqu6), mais aussi que les fonctions 
cycliques des quantit6s iZi, R^^ etc., prises dans un certain ordre, soient 6gale- 
ment rationnelles en J., B, C, etc. ; en d'autres termes, T^quation de degr6 (i — 1 , 
dont iZj, -Rg, etc., sont les racines, doit etre une 6quation ab61ienne. J'entendrai 
toujours ici par Equations abeliennes cette classe particulifere d'6quations reso- 
luble qu'Abel a consid6r6es dans le Memoire XI du premier volume des CEiwres 
complhtes, et dont je supposerai les coefficients fonctions rationnelles de J., -B, C7, 
etc. En d^signant par Xi, x^, . . . . , x^, des racines prises dans un ordre deter- 
mine, ces equations peuvent etre definies soit en disant que les fonctions cycliques 
des racines sont rationnelles en J., j5, G, etc., soit en disant qu'on a les rela- 
tions, x^ = G{xi)y x^ = 6{xi), , a'» = 6K-i), xi=^ex^, 

oh 6 (x) est une fonction enti^re de x dont les coefficients sont rationnels en 
A, B, G, etc." In saying that the fi — 1 (or, in our notation, the n — 1) terms, 
Ri, jB,, etc., are the roots of an Abelian equation, Kronecker must be understood 
to assume that the equation ^ (x) = 0, which has the terms in (139) for its roots, is 
irreducible. As a matter of fact, in the most general case, which includes all 
the others, the equation ^ (a) = is irreducible. But in particular cases it may 
be reducible, and then it is not an Abelian. In a paper by the present writer, 
entitled '* Principles of the Solution of Equations of the Higher Degrees," which 
appeared in this Journal (Vol. VI, No. 1), it was proved that when the equation 
^ (a;) = is reducible, it can be broken into a number of irreducible equations, 

'4'i(x) = 0,'4.,(a;) = 0, ,^,(a;) = 0, 

each a pure uni-serial Abelian. Hence, for a detailed discussion of the 
problem we have now before us, we should require to deal not only with 
the general case in which the equation ^ (x) = is irreducible, but also with 
the several cases in which equations such as 4'i(aj) = 0, i//, (a) = 0, etc., 
can be formed. But since, as has been stated above, the particular cases are 
included in the general, we shall confine ourselves to the problem of the neces- 
sary and sufficient forms of the roots of the solvable irreducible equation 
f(jx) = of degree n, when the subordinate equation ^(a) = of degree n — 1 
is irreducible, and is therefore a pure uni-serial Abelian ; it being understood 
that n — 1 is either the continued product of a number of distinct primes, or 
four times the continued product of a number of distinct odd primes. 
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Form of the Root. 

§60. The solutions of the problems investigated in the preceding part of 
the paper have furnished us with the necessary and sufficient form of the root 
of the pure UDi-«erial Abelian equation ^ (a;) = of degree n — 1 . Let this 

be rj. Let iv, id^, w;*' «j*"~ (142) 

be a cjcle containing all the primitive n"* roots of unity. We may assume that 
X is less than n. Let 

\,X,a,^, a, e,e (143) 

be the indices of the powers of w in (143) ; that is, a=-7?, ff = X*, and so on. 
The n — I roots of the equation ^(x)^0 can be arranged in a single circulating 
series. Let them, so arranged, be 

''ii »'ai *■.! • ■ ■ ■ . *■.! *■»- (144) 

It will be found that the terms Ri , R^, etc., in (138), which are the same, in a 

certain order, as R{ , Rl , R^ , etc., with multiples of n rejected from the sub- 
scripts, are given by the equations 

RJ=Ai{i^iKyi r'trir.f 

Rj~A>,{ririK IrJ)"^ 

■fi; = -4. ('^'■X . . . . fi)^ 



(146) 



R;=A»{?'iri 7iy 

In (145) the subscripts of the factors of the expression for R^Ai^ are the terms 
in (143), while the indices are the terms in (143) in reverse order. Because the 
series (144) circulates, R^ is formed from Ri by changing r^ into r», and, through 
the same change, R^ becomes R,, and so on. 

Necessity of the above Forms. 

§61. Here, assuming that the root of a solvable irreducible equation of 
degree n is expressible as in (138), we have to show that ^j , R^, etc., have the 
forms (146). 

§62. In (138) Ri is an n'-^ root of R^, one of the roots of a pure uni-serial 
Abelian equation ^ (x) = 0, the series of whose roots is contained in (139). But 
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Ri may be any one of the roots. This implies that if the roots, in the order in 
which they circulate, are 

Xtj, Mxi -Kay • • • • > Rdf Rty -tifiy 

the change of R^ in the system of equations (141) into RJi will cause -B^ to 

become R2 , and R^ to become R^ , and so on. In fact, by exactly the same 
reasoning as that used in establishing the Criterion of pure uni-serial Abeli- 
anism, it can be made to appear that the n values of the expression (138) 

or of (140) obtained by taking the n values of Ri for a given value of Ri, and 

taking at the same time the appropriate values of jR," , R^ , etc., as determined 
by the equations (141), would not be the roots of an equation of the n^^ degree 

with rational coeflScients unless RJ^ could replace Ri in the manner above indi- 

cated. In like manner, by changing Ri in the system of equations (141) into 

R^, Rli becomes 22^", and so on. The principle can be extended to all the 
terms in the series 

i- i. _L i. _L 

JKi , i?;, 22.', .... , i?,', i?/. (146) 

§63. Let, then, the system of equations (141) be written 

Ri = <Rf, Ri = VM , etc. , (147) 

e being a general symbol under which all the terms in the series (143) are con- 
tained, while aj, &«» ®tc., are rational functions of R^. These equations give us 

{mR^,K^ .... R^M^Ke.? = G,Rt 

where G^ is a rational function of R^, and 

t = e + BX + ha-\- + e:=z{n—l)Q={n—l)X^'\ 

Because Z is a prime root of n, (n — 1) ^*"* is prime to n. Therefore t is prime 
to n. Therefore whole numbers h and k exist such that 

ht:=kn + 1. 
Therefore (i2J/?U .... 7?,,)^= ((;j/?J) rJ. 

For every integral value of z, let (22J,)" be written r^. Then, putting A^^ 
for fl^*ff* ^ -'- 
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Because t„ ia simply another way of writing R)^, and the terms Ri, R^, etc., are 
the roots of a pure uni-serial Abelian, it follows that r^, r^, etc., have the forms 
of the roots of a pure uni-serial Aheliau. By putting e, then, in (148) succes- 
sively equal to 1, X, a, . . . . , B, the n — 1 terms in (146) are obtained with the 
forms assigned to them in (145). 

Svj^ciencp of the Forme, 

§64. We here assume that the terms forming the series (146) are taken as 
in (146), and we have to show that the expression (140) is the root of a solvable 
irreducible equation of the r^ degree ; provided always that the equation of the n** 
degree, of which it is a root, is irreducible. Because the terms forming the series 
(146) are taken as in (145), the system of equations (147) subsists. Therefore, by a 
course of reasoning precisely similar to that used in an earlier part of the paper to 
show that the n values of the expression (2), obtained by ^ving a successively the 
values 0,1, 2, ....,n — 1, are the rootfiof an equation of the n''*' degree, it can 
now be shown that the n values of the expression (140), obtained by taking the » 

values of R^ for a given value of i?,, are the roots of an equation of the n'" 
degree, that is, of an equation of the n'*" degree with rational coe£Bcients. 




Symmetric Functions of the 14^. 

By Wiluam Pitt Dubfee, Hobart College. 



In the following table the functions are arranged according to the second 
of the two methods pointed out by me in the American Journal of MaihemattcSf 
Vol. V, p. 349, The symmetric functions of the 12*® there published, as well as 
Capt. MacMahon's 13*®, Vol. VI, p. 289, are arranged according to the second 
of the two methods. My reason for following a dififerent method is that the 
order now chosen approaches more nearly to the natural or dictionary order of 
the partitions. 

As checks or verifications of my results, I have employed symmetry, the 
fact that the sum of the coefficients of any column must be equal to the coeffi- 
cient of the corresponding function in the value of Hi^ , and MacMahon's formula 
given in Proc. Lond. Math. Soc. and repeated in his introduction to the Sym- 
metric Functions of the 13*®. 
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Lectures on the Theory of JReciprocants. 

By Professor Sylvester, F. R. S., Savilian Professor of Geometry in the University 

of Oxford. 

[Reported by James Hammond, M. A.] , 



LECTURE XXV. 

In a letter to me dated June 14th, 1886, M. Halphen calls forms which are 
persistent under the substitution — , -^ , Invariants d^homologie. He uses the 

letters do, ctii (1%, (I31 - > > > cin 

to denote y and its successive modified derivatives with respect to x; and, sup- 
posing them to become 

-^Oj -^1» -^2» -^8» • • • • -^n 
1 V 

in consequence of the substitution — , -^ , gives, in the briefest possible man- 

ner, two very ingenious proofs of the formula 

^ _/ xn^n-if^ . !LZL_2« I (n-2)(n-3) | 

from which he deduces the theorem that the substitution in question changes 
any homogeneous and isobaric function /, of degree i and weight q in 

(^oj ciij a^i €!>$, • • • • a^f 

into F=z (_)-a^-*6»/, 

where is the partial differential operator 

— «o9a. + ««9a,+ 2039^^ + + (n— 2)a^_ia^. 

I give the two proofs mentioned above in M. Halphen's own words, adding 
occasional footnotes, and making slight changes in the literation of his formulae 
when it seems desirable to do so. 

Soient X=— , Y=l-. 

X X 

Vol. nc. 
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Par une formule connue (Schlomilch, Compendium II.) 

^„ = (-l)-x«-^^^(x-V)* 
et puisque F= Xy, il en resulte 

=(- 1)-^-{.. + "J!--?',..,+ t*=ifc|<^,... + . . . .}t 

Si I'on pose d*Y , . , 

il vient 

m A -r-lW^x-iL 4-"-2« I (n-2)(n-3) | 

Soit 0/=2(n-2)a,_a^^ 

on aura 

. 0o„=(n— 2)a,_i, 

0*a„ = (n — 2)(n — 3) a,_, , 



^« = (-l)V«->{a.+ i^0a„+j-l^ ©««. + ....}. 



* An easy inductive proof of this may be obtained as follows : 
Since /^= - ^a / we have ^^, = - a;^ |-(^) 

Hence, assuming the truth of the formula when n = k , we find 



dX'^^ «te( ete" 



= (-)' + V I a^ + 1 i!^. (a^ - 1») + (« + 1) af -^ (*«->») } 
I da; ■*■ dar ' 

^ da^"*" dor ' 

zzHr + V + ^^^.Cx-y). 

Thus, if the formula is true for n = « , it wiU be equally so when n = < + 1 . But it is obviously true 
when nzr 1 ^ when it becomes ^zz. — x^ ^ j , and therefore holds universally. 

t For, expanding by Leibnitz's Theorem, 

da: da^ *' ^*^ 

-»|a;»-«y„_i+(»-l)(fi-a)ai»-»»„_,+ ....} 

t The summation extending to all positive integral values of n , from 1 to oo, so that 

e = — Qodai + azdat + 2a,aa^ + 804805 + • • • • 

Remembering that Halphen's ao , ai , a, , as , have the same meaning as our y , ^, a, &,.... , this 

operator is — ye^ +cid^ + 2^3^ + 3^d"+ • • • • idei^tical with the used in previous lectures. 
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Par consequent, pour une fonction contenant Oq, ai, o^, . . . . , de degr6 i et de 
poids 6), a chaque terme, on aura 

C. Q. F. D. 
Autre Demonstration de la Formule (I).t 

Si Ton change X et x en X + H et x + h, on a 

X{X+H)' 
Maintenant la formule 

y = Oo + ^1 + ^^«2 +.... + h^a^ + . . . . 

6crite symboliquementX 1 

y— i — ah 

*We may show without much difficulty that, when Oi, Oai^s'***- ^^^ each of them equivalent 
to O, but 8i acts on u only, Pa on v, 0^ onw, and so on, Quvw . . . . = (Oi+ ®2+ ®«+ . . . .) uvw .... 
From this it can be deduced that Q'uvw ....=: (Gj + Gj-f* ^8+ • • • 'Vuiyw . . . . , when « is any positive 
integer. Now let the number of the functions u, v , ti? , . . . . be » , and suppose that 

uz=:a^, v=iap, w=ag, ; 

suppose, also, that the weight n +p+q + ....=<•>. Then 

A^ApA^ . . . . = {^ra^-<ehj(e\)ieTa^) . . . . = (-) V«-*e^ (e, + e, + e, + . . . 0^^^^^^ _ 

e 

(for by what precedes Gi + G2 + G,+ .... may be replaced by G). Taking a^apGg .... and A^A^A^ .... 

to be corresponding terms of / and F, we see at once that 

e 

t If 0? becomes x + h in consequence of the augmentation of X by an arbitrary quantity H, the 

increment of x wiU not be a constant, but will depend on X as well as on H. The value of h may be 

11 -X" 

found at once by eliminating x between X=. — and X+ H=. - , when we obtain X+ 5"= 7~rTv-' 

rr 

and consequently 7i = — _ ^ . 

This increase of X also changes y and Y (functions of x and X, whose original values were Uq and 
Ao before the augmentation of Xtook place) into 

y == Co + hai +h^a2 +....-[- h^Qn + 

andinto Y=l Ao + HAi+H^A2+ +-H"*^„H- 

These altered values of y and Y are the ones used in this second proof ; the other letters retain their 
original signification. 

X The word symboliquement indicates, whenever it is used, that powers of a are to be replaced by 
suffixes of corresponding value. E, g. in the final result A^-^ (-')^x^^-'^la^ -\ 0**""^+ . . . . ) 

is to be replaced by ul„=(—)'*a;^**~"^fa^H «„__!-[-••• • )• 

In our notation the final result is ^„^2= (— )"a;2«+3/ ct^ ft, c, d , . . . . Q — , 1 ). 
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devient _ X{X+H) 

y~ X* + H{^X+a)' 

D'ailleurs r=(X+5')y; 

done aymholiquement 

m\ Y- ^(^+^* 

Si I'oQ developpe Ic second membre (II) suivant les puissances ascendants de H, 
le coefficient de iT" est A^ . Or ce developpement est 

. ^=^{'+0-T)f+G)'(#)" 

+....+ (_,,(|)-(i+4)"-(i)*+....} 

done symholiquement 

ce qui est justement la formule (I). 

We may regard the coefficients a, 6, c, .... of the ordinary binary Quantio 
in u, v, (a, 6, c, . . . .\uj v)*, 

as the successive modified derivatives, beginning with the second, of a new 

variable y with respect to another new variable x. 

Any invariant / of this Quantic will then retain its form unaltered, or at 

most merely acquire an extraneous factor, if 

1** leaving x, y, v unaltered we change u into w + Xy, 

X y 



3° " u,v " " " X, y " — , -^, 

where X and h are arbitrary constants. 

For we have seen that these three substitutions will severally convert any 
homogeneous and isobaric function i^, of degree i and weight w in the letters 
a, &, c, . • . . , into 

c^°i^, (l+Ax)V+^i^, and (— )'^x''6*i^, 

where, in each case, 11 = a3ft + 263<. + Zcd^ +...., and r = 3i + 2m? . Prom 
our point of view an invariant is defined as a homogeneous and isobaric solu- 
tion of the equation i2/= 0. 

Hence th§ above substitutions convert the invariant / into 

/, {l+hxyi, and (—)'^x''/, respectively. 
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An absolute invariant with respect to any substitution is one which, disre- 
garding its sign, remains unchanged in absolute value by that substitution. Thus, 

any invariant for which 

v = Si+2w=0 

is an absolute invariant with respect to each of the three substitutions here 
considered. 

An invariant is of odd or even character with respect to any substitution 
according as its sign is or is not changed by that substitution. Thus, invariants 

1 V 
are of odd or even character with respect to the substitution — , -^ according 

as their weights are odd or even. 

This corresponds to the theorem that the character (with respect to the 
interchange of x and y) of a pure reciprocant is odd or even according as its 
degree is odd or even (vide American Journal of Mathematics, Vol. VIII, p. 261). 

From any two invariants for which v has the same value we can form an 
absolute invariant (i. e. one for which r = 0) by taking their ratio, and then by 
diflferentiating the absolute invariant thus formed obtain another invariant. 

Suppose /i to be an invariant of degree ij and weight w^, 

/, ** " " '* ** "• ij ** '' w?2, 

and let Sij + 2wi = Vi , 3t, + 210^ = vj ; 

then the v for /{« is the same as that for T^^ and consequently Ii^Tf' is an abso- 
lute invariant. 

We proceed to show that -p {T{*If') is an invariant, though not an absolute 

one. 

Using accents to denote diflferential derivation with respect to a, we have 



dx 



If, then, we can prove that r,///2 — i'i/i/» is an invariant, it will follow that 

-^ {Ii^If') will be one also, and the proposition will be established. It may 

be very easily shown that this is the case by using Cay ley's generators P and Q. 
For (see American Journal of Mathematics, Vol. VIII, p. 221), / being any inva- 
riant of degree i and weight w, PI Q,nd Q/are also invariants where 

P=a{bda + cdj, +ddc+ eda+ . . . .) — ih, 
and Q = a {cd^ + 2ddc + 369^ +....) — 2wh. 




302 Sylvester : Lectures en the Theory of Reciprocants. 

Hence (3P + Q) lis an invariant. 

Now, since 369„ + 4c9j + 5ddc +.... = -r- , 

and 3i+2u? = r, 

(3P + Q)I=a {Sbda + ^(^h + B^c + )I— (3i + 2w) hl= al — vhl. 

Consequently a// — v^Ii and aij — v^hl^ 

are both of them invariants. Hence the combination 

v^h {all — Vibli) — vJi {all — ^2*^*) = « (^»^i^2 — ^i^i^O 
is also an invariant ; i. e. 

is one ; which is the theorem to be demonstrated. 

The invariant aP — rbl, which we generated from /, is of degree t + 1 and 
weight w + 1; its i^ is therefore the original v increased by 5 units, three for the 
unit increase in the degree and two for the unit increase in the weight. Hence, 
on repeating the process of generation, we obtain the invariant 

a-^ — {v + 6)b]{ar — vbl) = a*/" — 2{v+ l)abr — Avacl+ v(y + b)bH. 



{ 



dx ^ ' } 



By adding on the invariant r (v + 6)(ac — V)I and dividing the sum by a, the 
above invariant is reduced to 

al" — 2{v'[- \)br + V {y + l)cl, 

which is an invariant of lower degree by unity than the unreduced form. 

The results obtained above may be compared with the corresponding ones 
in the theory of reciprocants. 



Thus to the invariants 

/(deg. i, wt. w)^ 
aF — vbl, 
vjili—vjili, 
ar — 2{v + l)br + V {v + l)cl 
where v^Si+ 2w, 



correspond the reciprocants 
B (deg. I J wt. w)t 
aR —(ibBj 
^RiR^ — (iiRiR^ , 

5aR' — 5 {2fi + 1) 6i? + 4(U (fi — 1) cR, 
where ft= 3i + to. 



Defining a plenarily absolute form to be one whose degree and weight are 
both zero (i=0, to=0), the theorem I shall now prove maybe stated as 
follows : 
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By differentiating a plenarily absolute prindpiant toe obtain another principiant. 
Let P be any prineipiajit of degree i and weight w. Then, by what pre- 
cedes, since P is both an invariant and a reciprocant, 

a- vbP is an invariant, 

dx 

and dP 

Hence, when v = Q (i. e. when 3t + 2u! = 0), 

dP. 

^' 

and when ^ = (i. e. when Zi + w=0), 

dP. . ^ 

J— IS a reciprocant. 

When both ^ ^ and v^O (which happens when t = , w = 0) , 

-T— is both a reciprocant and an invariant; 

dP. .... 

1. e. ^ ^^ * pnncipiant. 



LECTURE XXTI. 

In the theory of Invariants the annihilator 11 has two independent revers- 
ors any linear combination of which will also be a, reversor. To each of these 
reversors there corresponds a generator for invariants. Thus Oayley's two 

generators a{bd^+cdt +ddc+eda+ )—ib, 

a(cdt + 2dd,-\-Seda + )~2wb, * 

correspond to the two reversors 

bd^+cd^ +da„+ea4+ 

c3ft +2dd,-{'Seda + 

The only linear combination of these which does not increase the extent j as 
well as the weight of the operand is 

o=^jbd,-\- u— i)cd,+ (y— 2)dd,+ — 

It is convenient to take this for one of our reversors, and for the other 
-^ = 369, -\-4cdi,+ &dd,+ , 
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which is a reversor to F, the annihilator for reciprocants, as well as to 11 , the 
annihilator for invariants. 

We saw in Lecture XI {American Journal of Mathematics^ VoL IX, p. 1) 
that when F is any homogeneous and isobaric function of degree i and weight 
w in they + 1 letters a, 6, c, . . . . 

(ilO — on) F= {ij — 2w) F. 
The method employed in proving this can also be applied to show that 

where x' = 3i -f- 216? . 

Corresponding to the reversors and -r- we have the two generators for 

invariants d ^ ji r\ /•• om. 

a 1 vo and aO — [ij — 2w) 6, 

which are linear combinations of Cayley's generators. 
Thus, if / be any invariant, 

(a^— r6)/and \aO — {ij—2w)h\I 
are also invariants. 

The operator j- has, but has not, analogous properties in the theory of 

Reciprocants; viz. — is a reversor to Fand a ^ /^6 is a generator for recip- 
rocants. Thus, we have shown in previous lectures that 

(''i&-S-'')^=^'«^' 

where F\& any homogeneous and isobaric function, and fc = 3t + ^> ^^^ ^^^ if 

(fi \ 

a- ^6 J JB is one also. 

Now, Mr. Hammond has found that if 

-^ 6 ^ . 2ac— ft* , 3a'd — 3a6o + 6' ^ , 
a or a 

TTis a reversor to F, and a*W — ib is a generator for pure reciprocante. In 
fact we have 

+ ° 
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But, since 

F( ^r-^) = (l8- + 9-)-(l5-+6c)+6- = 12c, 

and W{2a^) =46, 

W{5ab) =5 h 5 r J = 10c, 

it follows that 

VW— WV= 2ad^+ 2hdj,+ 2cd,+ = 2i. 

Thus TF is a reversor to V. Moreover, a^W — ib acting on any pure recipro- 

cant generates another. 

Let i2 be a pure reciprocant of degree i; then, by what precedes, 

{VW—WV)R=2iR. 
But, since ^ is a pure reciprocant, VR = , and consequently VWR = 2iR . 
Now, V{a^W—ib)R = a^VWR — iRVb = a\2iR — iR.2a^=0. 

Hence {a^W—ib)R 

is a pure reciprocant; i. e. a^W — ib 

is a generator for pure reciprocants. 

Mr. Hammond shows that TF is a reversor to V in the following manner : 
Let u=^ Qq + aiC* + a^^^ + a^^^ +...., 

4) {u) = ^0 + ^/ + A,^' + A^' +...., 

^'4.{u) = A;, + Aie' + Ai^' + A^ + 

and consider the operators 

P = ^A^,^ + {^ + ti) Ada^ + i +{^+ ifi) A^ + t + 

Regarding e* as an operative symbol defined by the equation 

we may write 

P= \^A^'*+ (X + /«)^ie<» + ^"+ (;i + 2i«) Ae(»+»"+ . . . ,}[aj 



VOL. IX. 
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Similarly, 



Now, 



(2 = e-(x' + ^'^)^(t^)[aj. 



For 
so that 

and 
so that 



PQ-QP= |pe»"(x'+^'|-)^(«)- (2e-(;H-^^)^(«)}[aj 

= |e""(>.' + fi' I) P^ {u) - e-(x + (i~)Q1> (u) } [a„.] . 



.»« 



(Z 



d<^ 



g«^ («) = e^'ie'QA^ + 2e»*g^ + . . . .) 



.ntf 



Ce 



.<>« 



d_ 

dtf 









.»« d 



Pe-"^^(«) = e-^P^(«). 



Similarly, 
Moreover, 

P4 (tt) = -^' (m) Pu = -4/' («) P (rto + fliC* + o^* + ) 

= e»V'(«)(x + /«^) <?.(«). 

Similarly, (?<?. (m) = c»Y(«)(^' + /«' ^) ^ (») • 

Hence 



- ^"'(^ + '^ 1) '""*^' ("K^' + -"' ^) ^ ^«) } f^^-J 



^e'-^-'^'K^' + ^'n + ^'^)i^'(«)(^ + ^ J-)^(„) 



- (;i+/xu'+^^)4»'(«)(x'+^' J-)^(«)}[a„.] 



If ill this we write 



u* 
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we have 

= 2tt [3,.] . 

Now, 2i6[aj = 2(«„ +ai«* +rt,e»* + • • . .)P..] 

= 2(aoa„,+ a,a„, + a,a„, + ) . 

Also P = 4^o9«. + 6^i9«,+ 6 J,a„, + , 

Q = ^fa<.. + 2^a.+ 3^^a„,+ 

where -^ (wo + «i«* + «««** +....)*= -^0+ -^le* + A^* + . . . . 

and log (oo + OiC* + OjC** +....) = log ao+ A[e* + ^^e** + . . . . 

Equating coefficients, we have 

A^ = -2" Oo > -"1 ^— <'o'''i » -^J ^~ "'o'^'j H — 2~ I • • • • 

^^~ ao ' ^~ 2al 
It is easily seen by expanding the logarithm that the general value of A[^ is 

( — )'*+^^* where Sn denotes the sum of the n*^ powers of the roots of 

Thus we have shown that if 

P = 2^53^, + barfi^da, + {^a^ + 3aJ) 3^, 

and (2_ _a^^ + ___ a^^+ _j a^+ . . . . , 

then PQ— (2P= 2{a^^^ + a^da, + <hda,+ . . . .)= 2i. 

The general formula obtained for PQ — QP is an extension of a result of 
Capt. MacMahon's, who considers the case in which 



tt*~ . , X vP" 



<?>(u)=-^-,^(«) = ^ 



When ^{u) and '^{u) have these values, the general formula becomes 

- }[9J- 
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Consequently 

- }»-+-'-'pj- 

In Capt. MacMahon's notation 
in our notation 

c=^-'(x'+^^)5'[aj. 

If now we write 

which is equivalent to ^ 

Pg— QP= (m + m'— 1, ;ii, ^1, n + n'), 
we have 

Hence we obtain 

;i,= (m + n»'-l)|l(a' + ^'n)-^(;i+K)}. 

/*,= ^'(n-n') + ^K-l)-^(m-l). 

This agrees with Oapt. MacMahon's result, a statement of which was given in 
Lecture XX. 

Let Q be a reversor to the operator P = ;ia"*3ft+ (....) 9c+ (••••) 9<f + i 

and suppose that 

where F is any homogeneous and isobaric function and x some number depend- 
ing on its degree and weight. Then %aQ — xh will be the generator correspond- 
ing to Q. In other words, we have to prove that 

P{p^aQ — xh) F= whenever PF= . 
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Now, bjf hypotkesis, Pa^=0, Ph =yla", and when PF=. 0, 

PQF=xa^-^F. 
ThuB, P {%aQ~ xb) F— TmPQF— xF.Pb 

= y^a'^F—Xxa''F=0. 
Ab an example, consider the case of the reversor -3- in the theory of recip- 
rocanta. Here P=V, X— 2, m= 2; 

and since ( ^^ ~ ^ ^) ^~ ^^' 

wehavex=2(i. Hence the corresponding generator is 2(0 -j ^^Ji or, dis- 
regarding the numerical factor 2, we may take a-j iib for the generator in 

question, which is usually denoted by the letter Q. 
We may also write O in the equivalent form 

G~4{ac — b'')di+5{ad — bc)d,-\-G{ae — bd)da+ , 

which it is sometimes more convenient to use, 
I shall now show that 

aG~ GD. = aw~bD., 
where w is the weight of the operand. 
It is very easily seen that 

n(ac — 6») = 0, 
n(ad— 6c)=2(ac — 6»), 
alae — bd)=S{ad — bc), 
n(a/— 6e) = 4(ae — 6d), 



Hence it follows, by a direct and very simple calculation, that 

nC? — Gfi = 2 (ac — 6*) a, + 3 (od — 6c) 3j -J- 4 (ae — 6d) a. + . .' . . 

But, since 63^+ 2c3.+ 3^3^+ 4ea,+ =w, 

and ad^ + 263^+ 3c3j + idd, + = Xl, 

aw — bO.=:2{ac — i^)d^+3(ad — bc)d^+4{ae — bd)d,+ 

Consequently 

aO—GCi=aw^ha. 
The use of this formula will be seen in a subsequent lecture. 

We may also prove an analogous theorem relating to the invariant generator 

a -J rb, which we shall call G'. 

ax 
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Let the operand be F, a homogeneous and isobaric function of degree i 
and weight w . Then VF is of degree i + 1 and weight w — 1 ; its v is therefore 

3{i+l) + 2{w—l) — v+l. 
Thus, {V&- G'V) F= I V(a ^ —vb^-(a ~ — vb — b^vl F 

= a(^V^ — A V^F—v{Vb — bV)F+hVF. 

But ( 7 A — ^v)F= 2(iaF= 2 {Si + w) aF 

and VbF =bVF+ 2o?F. 

Consequently 

V& — G'V=2 {Si + w) a^F— 2va^F+ b VF 

= 2{Si + w — v)a^F+ bVF 

= — 2wa^F+bVF. 

It is perhaps worthy of notice that if / is an invariant of weight to and R 
a pure reciprocant, also of weight w , then 

aGI= awl and V&B = — 2a*wR] 
whereas nC?'/= and VGR = 0. 



LECTURE XXVII. 



I should like to make a momentary pause in the development of the theory 
which now engages our attention and to revert to the proof of Cayley's theorem 
for the enumeration of linearly independent invariants contained in Lecture XI 
and expressed by the formula {w; t, J) — {w — 1 ; i, j). 

Since that proof was written out I have endeavored to obtain one that might 
be capable of being extended to the supposed analogous theorem, regarding 
pure reciprocants, expressed by the formula (tc ; ijj) — {w — 1 j i + 1 , y) , but 
all my eflforts and those of another and most skilful algebraist in this direction 
have hitherto proved ineflfectual. 

In aiming at this object, however, I obtained a second proof of Cayley's 
theorem less compendious than the previous one, and subject to the drawback 
that it assumes the law of Reciprocity, but which possesses the advantage over 
it of being more direct and looking the question, so to say, more squarely in the 
face. The forms of thought employed in it seem to me too peculiar and precious 
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The operators which we shall employ, viz. ft and ft', are defined by the 
equations ft = ao9a, + ai9a, + «29a, + ...., 

ft' = a^da^ + a^da, + • • • • 

The first of these is of course an equivalent, but for present purposes more con- 
venient, form of adi, + 269^+ 309^ +...., the ordinary invariant annihilator ft 

Tas will be evident on writing a^^ a, ai =: — , ag == r— ^ ,....); the second of 

them, ft', is merely ft deprived of its first term. 

We may now give the following enunciation of the theorem to be proved : 
If ^ 18 the most general gradient of its type^ ft^ is also the most general gradient 
of its type whenever E^ is not negative. In other words, we shall prove that, 
subject to the condition stated above, Aft4) = whenever A4) = 0. This is 
equivalent to Cayley's Theorem on the number of linearly independent inva- 
riants. For the number of forms of the same type as ^, and subject to annihi- 
lation by ft , is N^ — N£l^ + Aft^ ; 
and Cayley's Theorem states that the number of such forms is Nip — NDj^, 

which will be the case when 

Aft4) = 0. 

The theorem of Reciprocity enables us to dispense with the discussion of 
those cases in which the extent J is greater than the degree i. For since (see 
American Journal of Mathematics, Y oh I, p. 91) the number of linearly inde- 
pendent invariants for the type w, y, i is the same as for the type w] i, J, we 
can substitute the first of these types for the second, using "4^, whose type is 
w, y, if instead of <^, whose type is t^?; i, J. Thus we have 

i^^ — Mil// + Aft^= iV;^ — iVft<^ + Aft<^. 

But by Ferrers' proof of Euler's Theorem {vide A Constructive Theory of Par- 
titions, Vol. V, No. 3 of this Journal), 

N'4^ = N^ and iVft^ = Ml<^. 
It obviously follows that Aft*)^ = Aft^ . 

Cases for which the extent is greater than the degree may therefore be made to 
depend on those for which the degree is greater than the extent. Hence Cay- 
ley's Theorem depends on the proof that Aft^ = when i =>y and ij=zyy2w. 

In the course of the demonstration, the following Lemma will be used : 
If Tp=^w', i, J and 7\l/=:iJ — w, i, j\ then N^ = JV^/. 
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The types of the two gradients we are now considering may be said to be com- 
plementary, and then the Lemma may be enunciated in words as follows : 

The denumerants of tico gradients are equal when the types of the gradients 
are complementary. 

The proof coDeists in showing that to each term of the type w; i, j there 
corresponds a term of the type ij — to; i, j. Let a^'a\'a^. . . .a^be any term 
of the type tr; t, j; then 

and t — ;i^+ Xi+ 3^-f- X3 4-....+^. 

Writing the suffixes of the letters Oo, Oi, a,, . . . . aj in reverse order, everything 
else being kept unchanged, we obtain the term oj-ajLiO?!-! . . . • a3^ whose weight 
we will call w/. Then 

«^=A+ 0'- 1)^1 + 0*- 2);^,+ . . . . + V, 

=y (JU + J»a + ^ + -•-■ + ^j) — (^ + 2;^ + 3;ig + ... . +jXj) 
= ^' — w. 
The degree of the transformed term is still t, and its extent is still/, while its 
weight has become iJ — w; its type is therefore complementary to that of the 
original term. Hence to each term of any given type there corresponds a term 
of the complementary type, and consequently the total number of possible terms 
(i. e. the Denumerant) for each type is the same. 

By means of this Lemma it can be shown that Ail^ = when E^ = — 1 . 
Let 7^= w,i,J where y — 2to^ — 1; 

then, since 7n^ = «)^ 1; i,J, the types 7^ and TO^ are complementary (the 
sum of the weights being w + w — 1 = 1;'). 

It follows from the Lemma that the Denumerants of ^ and il^ are equal. 
Hence ACl^= 0. 

For if not, the number of independent terms in H^ being less than the denu- 
merant of dip, will also be less than its equal, the denumerant of ^, and there- 
fore there will be one or more invariants of the type w; i,j for which the excess 
is negative. Since this is known to be impossible, we must have 

We next prove thS, in all cases for which i z='^w, the number of linearly 
independent invariants of the type w,i,j is correctly given by the formula 
{w; i,y) — {io— 1; t.y), 
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which is equivalent (as we showed at the beginning of Lecture XV) to 

or, what is the same thing, to the coeflBcieut of a^x^ in the expansion of 

jP_ 1 — ^ 

(1 — a)(l — ax){\ — ax^){\ — cux?) {l — ax^)' 

Let the expansion of 



(1 — ax){\ — aa?){\ — cum?) .... (1 — ax^) 
be 1 + (a — \)x + A^;x? +.,..+ A^x"^ + . . . . 

The expansion of F is obtained by multiplying that of G by the infinite 
geometrical series 1 + ^^ + ct* + a^ + . . . . 

But we only require the coeflBcient of a^x^ in the expansion of F, so that we 
need only retain the portion 

A^x'^il J^a + a^+ + a^) 

of the above product instead of its complete expression. 

It is of importance to notice here that -4^, which is independent of a:, can- 
not contain any higher power of a than a^. (That this is so will be evident 
from the constitution of the fraction (r, for clearly no power of a in the expan- 
sion of G can be associated with a lower power of x.) Thus we see that 

A^ = aa"^ + ^ay"-^ + ya^^-^^- +xa + %, 

and consequently 

J^x«'(l +a + a}+ + tt'^) 

= + a'^x''{a + P + Y +x + X)+ 

Hence the coefficient of a^x^ in the expansion of F is 

« + /? + / + . ... + « + ^, 
which is the value assumed by A^ when in it we write a = 1 . Call this value 

A'^, and let the value of G when a= 1 be denoted by &. Then A[, is the 

coefficient of x^ in 

ri- \ 

"^ ~ (1 —a?){l — :x?) (1 — x^) ' 

Hence we see that, when i=>-to, the value of {w] i,j) — {w — 1; i, j) is the 
total number of ways in which to can be made up of the parts 2, 3, ... .y. 

We have yet to show that this number is the same as that of the linearly 
independent invariants of the type w, ijj when i=zyyw. 

This follows from the known theorem that every invariant is either a 
rational integral function of the Protomorphs a, Pg, Pg, . . . . P^ (meaning the 
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but we may at once dismiss those cases in which i=>to, and (assuming the 
theorem to have been proved for Quantics of order inferior to j) those in which 
i<y, for these depend on the truth of the theorem for a Quantic of order i. 

It remains, then, to prove that, when ij — 2io =]> 0, AH [w] t,y] = for 
values of i inferior to «?, but not inferior toy. This may be effected as follows : 
Let 4> be the most general gradient of the type to ; i + 1 , y , and suppose 

<^ = P + ga + i2a* + So?, 
where P, Q and R do not contain the letter a, though S may do so. Then, 
writing ^^=^ Q + Ra + Sa^, 

^i is the most general gradient of the type w; i,j. 

Now, if n = a3ft4- bdc+ cS^ + . . . . , and II' = 63^ + ^3^ + ...., we have 

(1) n^=n'P + (n'g+^)a + (n'i2+^)a» + (n^+^)a3 

and Q4>, = Q!Q + (a^R + ^-) a + (aS + ^)a'. 

Confining our attention for the present to ft<^i, it is clear that if no linear 
relations exist among the coeflBcients of Q!R {i. e. if AH'i? = 0) the coefl&cients 

of SVQ are not connected with those of D!R + -i^by any linear relation. For 
the coeflScient of each term of D!R + -^ is the sum of a single coeflScient of 

do 

and an independent linear function of the coefl&cients of R. Moreover, obvi- 

ously the coeflScients of D!Q are unconnected with those of SIS + -n- . 

do 

If, then, the coeflScients of D!Q are not related inter se (i. e. if AD!Q^=:0)j 
we have 

(2) Ai:i^, = A[(a'B + ^)a+(as+~y]. 

Looking now to the expression (1) for ft^, we see immediately from (2) that any 
linear relation subsisting between the coeflBcients of D.^i will also subsist between 
those of fi^, and therefore that AH^i is not greater than AH^. 

If, then, AH^ z= 0, it follows that An<^i = 0, provided that both the supple- 
mentary conditions AD!Q== and Aft'jB= are also satisfied. 

Now, since ^^ = Q 4* ^ + Sa^ is the most general gradient of the type 

Q will be the most general gradient of the type w — i;i,j — 1 
and 

R ** ** ** ** ** ** ** ^* ** t£? — i+ 1; I— l,y— 1, 
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when in Q and R we change 6, c, d, . . . . into a, 6, c, . . . . This change 
converts II' = 63^ + 09^ + . . . . into H = adi + 69<. + . . . . Hence the condi- 
tions AQ!Q = and Afl'i? = are respectively equivalent to 

An[i^? — i;i,y— 1]=0 and Aa[i<? — i+ l;i—l,j—l] = 0. 
Supposing these supplementary conditions to be satisfied, what we have 

proved is that when 

All [i^?; i + l,y] = (i. e. ASlip = 0), 

then also AD, \w]i, y ] = (i. e. Afl^j = 0) . 

Now, 
T^ =w',i+l,j\ so that ^ ={i+ l)j — 2w = {ij ^ 2w) + j\ 

TQ=w-i',i,j — l, - " EQ=i{j~l)-2{w-i) = {ij — 2w)+i, 
TR=w — i+l',i—l,j—l, so that J?J? = (i — l){j— l)— 2{w — i + 1) 

= (y — 2i^) + i— y— 1. 

Thus, when ij — 2te? => and i = >-y , 

jE!i^ and EQ are both positive. 

ER is in general =]>0, but in the special case where ij — 2w=z0 and i =y, we 
have ER = — 1 . Except in this case (which gives us no trouble, since we have 
seen that AUR = in consequence of ER = — 1), we have never to deal with a 
type of which the excess is negative. 

Hence, if we assume Cayley's Theorem to have been proved for all extents 
up toy — 1 inclusive, we have 

AD,[w — i] iij — l] = 
and AD, [w — i + 1 ; i — 1 , y — l] = 

{i. e. the two supplementary conditions are satisfied). 
We wish to extend the theorem to the extent y. 
Subject to the conditions t=>-y and ij — 2i^=]>0, we have 

An[i^?;i,y] = if An[«?;^+l,y] =0. 

But we need consider no value of i greater than 2/?, as we have proved that 

AD [«/?; t^,y] = = AD [m?; w? + x,y]; 

therefore AD [w]w — 1 , y] = , 

ADlw'jW— 2,y] = 0, 



ADlwij.j] =0. 

As previously shown, the theorem is true for all values of i inferior toy if 
it is true for all Quantics of inferior order. Thus the theorem is true for a 
Quantic of order j and for every value of i if it is true for all Quantics of order 
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inferior toy. But it is true for the Quadric (where y= 2);* therefore also for 
the Cubic (y= 3); therefore also for the Quartic (y=4), and so universally. 
Hence the theorem to be proved is demonstrated. 



LECTURE XXVIII. 

We now resume the theory of Principiants and proceed to prove the 
important theorem that every Principiant is either simply an invariant in respect 
to a known series of pure reciprocants, which we call ui, J5, (7, Z>, . . . . , or else 
becomes such an invariant when multiplied by a**"*, where w is the weight and 
i the degree of the Principiant in question. Using the letter M to denote the 

pure reciprocant ac — 6^ and G the ordinary eductive generator, 

4:{ac — V)d^ + b{ad — hc)d^+ 6 {ae — bd)da + 7 {a/—be)de + 

(which, it will be remembered, is only another form of a-z fib, with the 

advantage of the (i being suppressed, i. e. only implicitly contained), we obtain 
in succession the values oi A, B, C, D, . . . , from the following equations: 

5A = GM, 

6B= GA, 

70= GB — MA, 

SD=GC—2MB, 

9E= GD—SMC, 



On performing the calculations indicated by these equations we shall find 
A=:a*d—3abc+ 26», 

B = ah— 2a\» — \d*M-\-^^ ab*c — Ab*, 

G = a*f— 6a»cd — 4a»6e + 13a»6c» + ^ a^hH — ^ ah^c + ^ h\ 

TC 4 ^ 

25 
D=-a^g r- a*(? — Qa^ce + 7aV + terms involving 6, 

o 

j&zr aVt ^ a^de — 7a^c/4- 29aVc2 + terms involving h. 



*Whenj = 2 the coudition t;=>2t{7 becomes identical with t=>t(?;but we have already seen that 
the theorem is true whenever i n> w . 
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Thus, ex. gr. 
8Z?o = Go {a*/— 5a»cd) — 2ac(a'e — 2aV) 

= — 25a<d!» — 30a»c {ae — 2c*) + 8a* {a*g — 2ace — c») — 2iic {pfe — 2aV) ; 

O 

■^S^'"' 9£, = Q^ (a'g —^a*cP— 6a*ce + 7aV) - 3ac {a*/— ba'cd) 

= bad{— 6a*e + 21aV) s" (ae — 2c')a*d — 42 (a/— 2c(Z)a<c 

+ 9 (aVt — 2ac/— 2c»d) a* — 3ac (ay— 6a»cd) 

*^'^®^ E,= a*h —^a'de- 7a'c/+ 29a*<^d. 

Similarly, from the known values of D^ and E^ we may deduce that of the next 
letter, F^ , and so on to any extent. 

It may be noticed that each of the pure reciprocants -4, -B, C7, Z), . . . . can 
be determined without ambiguity, by means of the annihilator F, when the 
portions of them, Jo» -Bq, Co, Ai • • • • independent of h are known. 

For suppose R and i? to be two reciprocants, of weight w, for each of 
which the terms independent of h are the same. Then their difference is 
divisible by 6. Let 

i2— /? = i4>; then 7(64))= 0; i. e. 2aV + 6T^4>= 0. 

Hence ^ is divisible by 6, and R — i? is divisible by 6*; say R — R =iV^. 
Then F(AV) = 4a*H + VV^ = 0, 

showing that ^ is divisible by 6, and R — -B' by I?. 

By continually reasoning in this manner, we prove that R — R must be 
divisible by 6*; and then the remaining factor (being of weight 0) is necessarily 
of the form Xa^ where % and are numerical constants. Thus 

R — R = Xo*6*, and consequently F(Wi*) = . 

This is impossible unless % = 0, when the two reciprocants R^ R become equal, 
showing that there cannot be two different reciprocants for which the terms 
independent of b are the same. When, therefore, the terms which do not involve 
b of any pure reciprocant are known, the complete expression of that recipro- 
cant can be determined without ambiguity. 

Each reciprocant of the series A, By C^ D^ . . . . possesses the (Hx>perty of 
being, 80 to say, an Invariant relative to the one which precedes it, meaning 
that the operation of il = a3^ + 269^ + Scd^ + . . . . on any letter gives (to a 
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Now, 7C=GB — MA; 

80 that 7£IC = £IGB — ACIM— MClA. 

But, since £iM= £l(ac 4")= h" ^^^ ^^ = » 

7ClG=£iGB-{-^A=7aB. 

2 
Thus a(7=25x-J-. 

We may, in exactly the same way, prove that 



n^ = 4Z> X 



2 ' 
a 



2 ' 
and so on to any extent. 

In the following inductive proof it will be convenient to denote the letters , 

A, B, G, D, E, 

by ^o> ^i> ^> ^3) 'W^, . . . . , 

and then the theorem to be proved is that 

When this notation is used, the law of successive derivation which defines the 
capital letters is expressed by the equation 

(1) {n + 7)u^^%— G^n-M+ {n+ l)Mu^ = 0, 

56* 
where G is the generator 4 {ac — b^) 36 + 5 {ad — be) dc + , and Jf = ac j- . 

Operating with fl on the above equation, we obtain 

(2) (71 + 7)^u^^,-£lGu^^i + {n + l){M£lu^ + u^aM) = 0. 

Now, the weights of ?*o> %» ^» • • • • are 3, 4, 5, ... . respectively, and conse- 
quently the operation of 

Q.G— G£i = wa — b£i 

onu^^i (whose weight is n + 4) gives 

(ft6r— 6rft)Wn + i = (^+4)a?^^4.i— 6fti^n + i. 

Or, assuming that £iu^ = xu^^i X -^ for all values of ?c as far as /i + 1 inclusive 

(it has previously been shown that £IB = J. x -^ and 11(7= 25 X — , so that 
the theorem is true for x = 1 and ;« = 2), 

^^^n+i = ^^^n+i + (^ + 4)ai^n+i — JHu^+i 

= (n + 1) (7 ("I t^,)+ (n + 4) au,+i _ (n + 1) -^ i^, . 
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But ^remembering that G does not operate on a, so that (r. — w„ = — Gu^j 
we have, in virtue of equation (1), 

Hence it follows that 
n(7i^^^.i=^-2— a{(n+ 6)t*^+i + nift^„.i} + {n + 4)aw«+i— (n+ 1) ^u^ 



_ (n + 2)(n + 7) n(n + l) 

= i^ «Wn+i + — s — aMUn^i — (n + 1) 



db 



On substituting this in (2) we obtain 

{n+ 7){ni^,+,-(n+ 2)^i^„+i} 

+ (n+l)i.„{nif+-f }=0. 
This reduces to r\ / i o\ ^ 

ii^n+2 = (w + 2)y?/«4.i. 

For, according to the assumption previously made in the course of the demon- 
stration, ^ a 

so that the second term vanishes ; and the third term vanishes because 

nAf=n(ao-5^-!) = -4. 

We have therefore proved that if the theorem is true for Clu^ , when x has any 
value up to ri + 1 inclusive, it is also true for fl?^^^^. But the tlieorem holds 
for ;« = 1 , and for ;« = 2. It therefore holds universally for any positive integer 
value of X. 

Recalling the known values of the reciprocants M, A^ B, G , Dy , . . . we 
observe that their principal terms are ac^ d^d^ ah, a^f, a^g, . . . . , where it is to 
be noticed that the most advanced of the small letters in the expression for any 
capital letter occurs only in the first degree multiplied by a power of a. In 
other words, if. A, B, (7, 2), . . . . form a series of Protomorphs, and conse- 
quently every Pure Reciprocant can, as we have already seen (vide American 
Journal of MatJiematicSj Vol. IX, p. 35), be expressed as a function of 
a, M, Aj B^ G, D, . . , . rational in all of them and integral in all except a. 
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But it is further to be noticed that whereas 

a is of degree 1 and weight , 

J^ii a a 2 '' ** 2, 

^ << (( (( 4 ** ** 4 

and in fact that every capital letter is of equal weight and degree. 

From this it will follow that every Pure Reciprocant will be the product of 
a power of a into a function of the capital letters alone. 

For let i be the degree and w the weight of any pure reciprocant expressed 
in terms of a, Jf, J., J8, (7, .... , and suppose one of its terms to be 

a^M'A'B^G^ ; 

then >7 + 20 + 3;c + 4a + 5;[£ + = t 

and 20 + 3;c + 4X + 5/[£ + .... = ti?. 

Hence yj =^i — w, 

which is the same for every term of the pure reciprocant in question. Thus 
each term contains a*""** as a factor, and the reciprocant is of the form 

a*-^<D(Jf, 4,5, G,D, ). 

Let us now consider any Principiant P; since P is a pure reciprocant, we 
must have P = a*-^* (Jf, A, B, G,D, ) . 

But Principiants are subject to annihilation by ft, and consequently ftP = 0, 
which gives 

On writing fbr SIM , £iA, SIB , SIC 

their values — 6x-|-, , ^x-|-, 2^x-|-, 



... 



we obtain 

-f (- hdM+ Ads + 2Bda+3Cdj, + ....)*= «• 

From this it would follow that 4> is an invariant in the two sets of letters 

— b, M and A^ B, C, Z>, . . . . ; 

but it is easy to see that it is an invariant in the latter set exclusively. For 
JIf and A, B, G, D, . . . . being all of them pure reciprocants, 

4> and 3jf4>, 3jb4>, 3^*, dj,^, . . . . , 

which are functions of M, A, B, 67, ... . exclusively, must also be pure recip- 
rocants. 
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If, then, we operate with V on 

(— hd^+Ads + 2Bdc+'iCdj,, )* = 0, 

we shall find V{ — bBx) * = (every other term being annihilated by V). Thus 

V{bd^) <D = (dM^) yb = 2a^d^ = , 
and consequently d^^ = . Hence 

{Ads+ 2Bdo+ SGdj, + )*= 0. 

The equation d^ = shows that M does nat appear in the expression for 
any principiant in terms of the capital letters, while 

{Adj, + 2Bdc + ^Gdj, + )* = 

shows that 4> is an invariant in ^, J8, C7, Z), . . . . 
We have thus shown that every invariant of 

{A, B,G,... .){x, yY 

is a principiant, and conversely that every principiant is an invariant of 

{A, B,G,... .){x, yY, 

or such an invariant multiplied by a power of a. 



LECTURE XXIX. 



From the theorem that every Principiant is (to a power of a pr^) an 
Invariant in the reciprocantive elements A, B, G, .... we readily deduce its 
correlative in which, everything else remaining unchanged, the reciprocantive 
elements A, By C, . . . . are replaced by a set of invariantive elements which we 
call J-o, J.1, J.2, . . . . The equations connecting the new elements with the old 
ones are as follows : 

A = b-(±)a, 

A=z)-3(4-)c+3(|)'B-(4.y^, 
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We have, in the first place, to prove that A^, A^, A^, . . . . are all of them 

invariants in the small letters a, b, c This is an immediate consequence 

of the identities £IA = , 

aC=25Xy, 



established in the preceding tecture, coupled with the fact that £16 = a . Thus 
ClAo = £lA = 0, 

ciAi = --^aA + (aB-Ax -|-) = o, 

£IA, = (4)'^^ - 2 (4-)(^^ - ^ X y) + (aa- 25 X -f) = ; 
and in general, writing the equation which gives A^ in the form 

^.=(-i>+<-ir^+"-^(-m 

and operating on it with Q, , we find 

"-*■ = (- t) "^ + " (- 4)""'("^ - ^ X t) 

= (each term vanishing separately). 
We next observe that 

{Aq, ^1, A^, . . . .){x, yy, being equal to {A, B,G, \^~^y^ v) > 

is a linear transformation of (Jl, -B, (7, . . . .)(x, yY, 

and'that the determinant of the transformation 2^ is equal to unity. 





b 


1 






2 





1 



Hence every invariant in A^, A^^^A^^ .... is equal to the corresponding 
invariant in J., 5, C7, . . . . , which proves the theorem in question. 

Each of the invariantive elements -4o» -4i» ^g> • • • • is, so to say, a recipro- 
cant relative to the one which immediately precedes it, just as in the cognate 
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theorem each of the capital letters A, B, G was an invariant relative to 

its antecedeDt. It is in fact easily seen that 

VAi = - J„a», 
VA^ = — 2Aja*, 

r jIj3 ^— ^— tj^^Ci J 



and in general VA^ = — nA^^iU^ 

Thus, for example, if we operate with V on 



A=i,-.,(|)o+s(A)-5-(±)-^, 



But ^ . / 6 \ ^ . / 6 \* 



we obtain 



remembering that A, B, C, D are pure reciprocants, we shall find 

C - 2 (-|-) B + (Ay^ = 4, and Vb = 2a»; 

so that VA3 = — 3 Jja*. 

In like manner, operating with V on 

A„ = {A,B, C, ....)(- 4"' 0"' 

VA„= -^{A,B, C, . . . .)(^--^, l)"~V6 

This property enables us to give a proof (exactly similar to the proof of 
the cognate theorem in the preceding Lecture) of the theorem that every prin- 
cipiant is expressible as the product of an invariant in A^y jIj, J.,, . . . . by a 
suitable power of a\ We first observe that, using N to denote ac — 6*, 

^1 -^o> -^ii -^s> • • • • 

form a series of invariantive protomorphs of equal degree and weight. 

Hence it follows that any invariant of degree i and weight w can be 

expressed in the form 

a^-^^(N^ Aq, ^1, ilj, ), 

and consequently that every Principiant can be expressed in this form, provided 
only that 7* = . 
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Substituting for VA^, VAi, VA^, .... their values given above, and at the same 

time observing that 

VN= V{ac — b*) = 5a*b — 4a*b = a»6, 

we find 7* = a* {bdy — A^^^ — 2Aid^^ — SA^d^, — ) * = . 

Finally, we prove that 4> does not contain N, but is an invariant in A^, Ai, A^, . .. . 

alone, by operating with £1 on 

(63,- ^03^, - 2Aa^, - SA,d^, - . . . .)<I) = 0, 

when it is easily seen that every term vanishes except the first, which gives 

Q.{bdif^) = abXdg'P = 0, 
where, Clb = a being different from zero, we must have d^,^ = . 

The invariants N, A^, A^, A,, . . . . obey a law of successive derivation 
similar to that which holds for the reciprocants M, A, B, C, . . . . 
Starting with N^=ac — 6* and operating continually with 

& =.a ^ — {^i -\- 2v})b = (4ac — bb*)di + {bad— 7ftc)a,+ , 

we shall find ffN = 5 Jo, 

G>A^=. 6^1, 

G^A = 7^ - NA„ 
G'At— 8Jj— 2NAi, 
G'A^=. 9 At— ZNAi, 



and generally G'An = (n + 6) J:„^.i — nNA^^x • 

These equations are exactly analogous to 

GM=5A, 
GA = 65, 
GB=7G+MA, 
GG—ZD+2MB, 
GD=9E+ ZMG, 



in which M=^ac — x**' *^^ ^^' ^^' ^^' "•' *^^ the educts of Jf , j4, -B, .... 
obtained by operating with 

G=a^ — {Zi+w)h = A{ac — V)d^ + b{ad—'bc)dc+ 

It should be noticed that the two generators G and & are connected by the 
relation G^ = O — wh^ 

where w is the weight of the operand. 
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Also, that 

Gb = 4{ac — V)=4N, and G'b = 4ac— 6V= 4M. 
We may easily verify that 

GfNz^ 5^= 5 {a^d—Sabc + 26«) 
by operating with & = (4ac — 56*) df, + {5ad — 7bc) d^ on JV^= ac — V. 
To prove that &Aq= 6Ai, 

we operate on J.o=il, 

for which the weight is 3 , with 

&=G—Sb. 
Thus &Ao= {O — Zb) A = 6B—ZbA— &A^. 

For by definition j4i== J8 — (—^A. 

In general, to find &A^^ we have by definition 

and, since the weight of -4^ is n + 3 , 

G'A^— GA^ _ (n + 3) bA^. 
Now, 

GA,= G{A, B, G, ... .)(^- \ ,iy 

= {GA, GB,GG,....){-\^, iy_-|(j[,5, G,....){-\,iy'^Gb. 
Substituting for GA, GB, GG, . . . . their known values, and remembering that 

— o" . 1 j = -^n-n we have 
(?A»=(6-B, 7C, 8D )(_A,iy 

+ M{Q, A, 2B, ZG ) C— Y , l)" — 2«2VJ,_i 

= 6(B, C7, i), . . . .) (-4 . l)" + (^' ^' ^^' ^^ ) (~ T'O" 

+ Jf(0, A, 2B, 3C ) (— Y ' 0" ~ 2niV:4„_i. • 

But (0, G, 2D, BE, .. . .) (— Y> l)" 

= nC (- Ay + „ („ _ 1) Z) (- Ay-* 

= n{G,D,E,....)(--^,iy '; 

VOL. IX. 
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and similarly 

(0, A, 2B, 3C )(- |-. l)"= n(^, B,G,....) (- -|-, 1)""'= n^.p 

Hence 

GA„=6{B,G,D ) (_ A. , 1 J + n (C, i>, ^, . . . . ) (_ i- , i)""' 

+ n(if— 2iV)^„_j. 
Now let £/■= {A, B, C )(t«, vf; 

/ITT 

then -^ = n(4, 5, C7, )(u,vf-\ 

ffTT 

and -^ = n(5, C, jD, . .. .)(m, t7)"-^; 

whence it follows that 

(1) U={A, B, G, ){u,vy=u{A,B, G )(«, v)"-'^ 

+ v{B, G,D, )(«, »)"->. 

Similarly, we see that 

(2) {B, G, D, )(m, vf=u{B, G, D )(«, «)"-* 

+ vIg, D, E )(w, v)"-^. 

Writing « = ^ and v = 1 in the above equations, and remembering that 

6 



{A,B, C,...)(-4. l)"=^"' 
we obtain immediately from (1) 

(B,G,D,..,.)(--^, l)""' = J„+-|-J„_„ 
and then (2) gives 

{0,D,E )(- A . l)"" = (^+1 + 4 ^0 + t(^» + T ^"-0 

But it has been shown that 

GA„ =QiB,G,D,... .)(- 4 , l) + n {G, D,E )(- -|- , 1 )""' 

Hence, by substitution, 
GA„ = 6 (^+1 + i- J„) + n (^+1 + hA„+^ J„_i) + n (if- IN) A,.-, 

= (« + 6)^+1+ (n + 3)6J„ + n (m+ ^ - 2N^ ^_,. 
Now, 

= (n + 6) J„+i+ n (if + -^ - 2iVr) ^_i , 
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whore Af+|- = «c-4j.+ ^=ao-*. = Ar. 

4 4 4 

Thus G'A^={n + 6) A^^^ — nNA^_^, 

which proves the law of successive derivation for the invariantive elements 
AAA * 

We now proceed to explain the method of transforming a Principiant, 
given in terms of the small letters a, 6, c, .... , into one expressed in terms 
of a, j4, -B, (7, . . . • 

Remembering that the expressions for 

have for their most advanced small letters 

and that, in each capital letter, the most advanced letter occurs only in the first 
degree, multiplied by a power of a, it follows, as an immediate consequence, 
that we may, by continually substituting for the most advanced letter, eliminate 
^> ^»/i fl') ^» • • • • from any rational integral function 

4)(a, 6, c, d, e,/, g, h, . . . .) 

and thus transform it into another function whose arguments are 

a, 5, c, j4, -B, (7, 2), j&, . . . . 

and which is rational in all its arguments, and integral in all of them, with the 
possible exception of the first argument, a . 

But (see Lecture XXVIII) the result of this elimination is known to be 

a*-^<I)(ul, B, C7, D, E, ) 

in the case where 4) is a Principiant of known degree i and weight w. Hence 
6 and c must disappear spontaneously during the process of elimination. 

This being so, we can give 6 and c any arbitrary values, without thereby 
affecting the result, and it will greatly simplify the work to take 6 = and c = . 

It is also permissible to take a = 1 ; for, although the factor a*""**^ is thereby 
lost, it can always be restored in the final result because both i and to are known 

* The establishment of the scale of relation between the terms of the ^io > ^1 , ^2 1 • • • • series and 
the above proof of it is due exclusively to Mr. Hammond. J. J. S. 
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numbers. Now, if we write a=l,i=0,c = in the known expressions for 

A, B, (7, jD, . . . . , we shall find 

A — d, 

B — e, 

C=f, 

D = g- 



25 - 

— «?. 
8 ' 






Hence we have to eliminate d, e, /, gr, A, . . . . between the above equations and 

P = 4)(l, 0, 0, d, c,/, g,h, ), 

where P stands for the given Principiant. In other words, we have to substi- 
tute for 

a, 6, c, d, e, /, 9 ^ ^ 



I . • • 



OK 1R 

1, 0, 0, A, B, G, /> + f^*, E+^AB,.... 



m 



The result of this substitution will be 

P = ^{A, B, G,D, E, ), 

where, to compensate for the factor lost by taking a = 1 , we must multiply 4> 
by a*""**. As an easy example, consider the Principiant which Halphen calls A, 
and for which he obtains the expression 

b c d e^ 

abed 



— a' 






a' 




6* 26c 
2ab 2ac + 6* 



a 



i 



Sab 



/ 
e 

2bd + c^ 

2ad + 2bc 

36* + Sac 



Here the degree « = 8 and the weight w = 8 ; so that i — w =-0 , and no factor 
has to be restored. On making the substitutions spoken of, the determinant 
becomes 




1 
— 1 








1 




A 




1 



B 

A 






C 
B 



1A 




which immediately reduces to AG — j5* by striking out the first three columns 
and the last three rows. 

Of this Principiant we shall have more to say hereafter. 
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LECTURE XXX. 

The method of substituting large letters for small ones will be better under- 
stood if we employ it to obtain an expression of the form 

a*-^<I)(if, A, B, G,D,E, ) 

for any pure reciprocant 

4) (a, 5, c, d, c,/, gjh, . . . .) 

of known degree i and weight w in the small letters. 

The transformation is effected by substituting in ^ for c, d^e^f, g, h, . • . . 

their values (which are perfectly definite) in terms of a,b,MfA,B, G,D,E, . . . . 

But since b does not appear in the final result, we are at liberty to give it any 

arbitrary value, and it will be convenient to take 6 = 0, for then (see Lecture 

XXVIII) we have 

Jlf=ac, 

A=za^dj 

5 = a^6— 2aV, 

C=aY—6a^cd, 

26 
D = a^g — a^cP— Qa^ce + 7aV, 

o 

E=a%—^ a^de — 7a V + 29aVd , 



There is an additional advantage in taking 5 = 0, viz. that then the values 
of the invariants N, Aq, Ai, A^, . . . . (see their definition at the beginning of 
Lecture XXIX) exactly coincide with #iose of the reciprocants Mj A, B, G, . . . . 
set forth above. Hence, merely interchanging the capital letters, the same sub- 
stitutions enable us to express any invariant in terms of a, N, Aq, Ai, ... . , as 
well as any reciprocant in terms of a, M, A, B, . . . . 

The solution of the above equations will give — , — , — , .... in terms of 
--3- , — ^ , — ^ ,....; but we can, without loss of generality, put a = 1 , when we 

C* Q Cfr , 

shall find a = 1 , 

6 = 0, 
c=M, 
d=A, 

e =zB+2M*, 
/=C+5MA, 

O 

h=E+ ^AB+7MC+6MA*, 
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The substitution of these values in the pure reciprocant 

^(a, by Cyd, c,/, g, hj . . . .) 



will convert it into 



We have written a = 1 for the sake of simplicity ; but without doing this we 
have, since ^ is homogeneous of degree i, 

<^(a, 0, c, c?, e, )~^*^(^' ^' ";^' V "a' ' * 'V' 

Hence, substituting for — , — ,—,.... in terms of — ^ i —r i — r- ...... 

° a a a cr or ' or ' 

^(a, 0, c,d, e, ) = a*<P(^-^ , -^, -^, . . . . J ; 

or, since M^ A^ B, . . . . are of weights 2, 3, 4, .... , and 4> is of weight w, 

^(a, 0, c, d, c, . . . .) = a^-'^^{Mj A, B, . . . .). 

Thus, in consequence of writing a= 1, the factor a*"^ has been lost; but this 
factor can always be restored, both i and w being known numbers. 



When ^ is a Principiant, Jf will not appear in the final result, which will be 
identical with that obtained by the simpler substitutions of the preceding Lecture. 
If, for example, we substitute for 

a, b, c, d, e , / , 

1, 0, M, A, 'B+2M*, G+5MA, 
instead of 1, 0, 0, A, B , C , • 

in the determinant expression for Halphen's A, previously given, it becomes 

M A B+23P C+6MA 

A B+2An 

M' 

2M 1A 

3if 

Subtracting the 4*'' row multiplied by M from the first, the determinant reduces to 

0^5 G-\-ZMA 



1 





M 


— 1 











1 











1 



1 


Jd 


A 


5+2JIf» 


-1 








IP 





1 





ZM 



= AG—&, 
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Again, subtracting the 2^ column multiplied by SM from the last, and reducing, 
the determinant becomes 

0, B, G 

1, A, B—M^ 
— 1, 0, liP 

where M disappears, as it ought to do, because A is a Principiant. 

In what follows we shall have frequent occasion to make use of the fact that 

if R^ is an absolute pure reciprocant, — r— ^, which we know is a pure recipro- 

a^dx 

cant, is also an absolute one. 

This is very easily proved. For let R be any pure reciprocant, of degree i 
and weight w^ which becomes R^ when made absolute by division by a power of 

' R^ = — - , where /t^ = 3i + i^? , 

and, using G as usual to denote the generator for pure reciprocants, 

dRa _ GR 



Hence ^^« - ^^ 

which is an absolute pure reciprocant because GR^ which is of degree i + 1 and 

weight w? + 1 , must be divided by a ^ in order to make it absolute. Thus, if 
jjfo, A^, B^, Gai .... are what M, A, B, (7, . . . . become when each of them is 
made absolute by division by a power of a, we have 



We shall use these results in deducing the complete primitive of the diflfer- 
ential equation AG — ^ = 

from that of the equation in pure reciprocants, 

26A^ — UM^=o. 
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This equation may be written in the form 

whence, by differentiation, we obtain 

which gives 50 A^ . 6 jB« = 48if * . 5A^ ; 

i.e. bB^ = 4:Ml. 

Differentiating this result, we find 

which gives C^ = M^A^ . 

We now restore the non-absolute reciprocants M, A, B, C] i. e. we write 

5B = 4JP and G = MA. 

Hence 25{AC—B^) = M{25A^ — 16M^) = (because 25 A^ = 16iP) . 

Now, the equation AG — -B*=:0 remains unaltered by any homographic 
substitution, so that it will be satisfied not only by any solution of the equation 
in pure reciprocants 25-4* — 16if'= 0, but also by any homographic transforma- 
tion of such solution. But it has been shown (in Lecture XIII, American Journal 
of Mathematics, Vol. IX, p. 16) that the complete primitive of 25-4* — 16JIf^ = 
is a linear transformation of y = a^, where 2? — Jl + 1 = (i. e. where >l is a cube 
root of negative unity). 

Consequently any homographic transformation of y = a^ is a solution of 

AG—B' = 0. 

Moreover, this is its complete primitive; for the highest letter, /, which 
occurs in AG — -B*, corresponds to the seventh order of differentiation, and if we 
write _ Y _ X 

where X, F, Z are general linear functions of a; , y , 1 (i. e. if we make the most 
general homographic substitution), y = a^ becomes F=X^Z^~\ which will be 
found to contain exactly 7 independent arbitrary constants. Thus the complete 
primitive oi AG — -B* = is F= Jr^Z^~\ where X, F, Z are general linear 
functions of x, y, 1, and ^ is a cube root of negative unity. 

Observe that although any solution of JIf = also makes A, B, (7, .... all 
vanish, and so satisfies AG — JB* = , we cannot from this infer that a homo- 
graphic transformation of the parabola y = a:* will be the complete primitive of 
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so that the final equation becomes 

2*. 73 {X + l)«(;i — 2)*(2;i — 1)\AC — B'f = 3».5» {?? — yi+ 1)U«. 

The same reasoning as before will show that, for a general value of X , the com- 
plete primitive of this equation is the general homographic transformation 
Y= X^'Z^-'^ of the curve y = a;\ 

There is, however, a special exceptional case in which the differential 
equation becomes 2\ 7^ {AG— &f = 3\ SM^, 

the corresponding value of the parameter X being either , 1 or 00 , as may be 
seen by solving the equation 

(;i + i)*(;i — 2)»(2;i — i)» = 4 (;i» — ;i + if. 

In the case where Jl = or oo we can, in the same manner as before, show 
that the complete primitive is a homographic transformation of the curve y = e* 
by deducing the differential equation from the corresponding equation in pure 
reciprocants, 25 A^ + SM^=z o, 

whose complete primitive is (see Lecture XIII) a linear transformation of y = e*. 
When ^=1 the corresponding equation in pure reciprocants is 

25A»— 64if«=0, 

whose complete primitive may be shown to be a linear transformation of 
y = x log a. The reason why these two distinct equations in pure reciprocants 
lead to the same equation in principiants is that the two curves y = e* and 
y = X log X are homographically equivalent but not linearly transformable into 

one another. For we may write the equation y = aj logx in the form x = e*, 
which is a homographic transformation of y = e*. 

Besides the special case just considered, in which the complete primitive 

of the equation in Principiants is -^ = c"^, we may notice that in whLoh the 

parameter X is either — 1 , 2, or — , the differential equation reducing to -1 = 

simply, and its complete primitive F= X^Z^"^ being the equation to a conic, 
as it should be. The case where 7^ — ;i + 1 = and the differential equation 
reduces io AC — 5* = has been considered already. There remains the case 
in which ^ = 3 , when the complete primitive becomes YZ^ = X^ (the equation 
of the general cuspidal cubic) and the differential equation assumes the simple 
form / AC—JS' \^_/A\^ 

which is therefore the differential equation of cuspidal cubics. 
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We shall hereafter show that in this case the Principiant 

which is apparently of the 24*^ degree, loses a factor a* and so sinks to the 20*^ 
degree. It is, however, generally diflBcult to determine the power of a contained 
as a factor in a Principiant given in terms of the large letters. 

The results obtained in the present Lecture agree with those of M. Halphen 
contained in his Th&se sur les Invariants differentiels (Paris, Gauthier-Villars, 
1878), which contains a complete investigation of the properties 6f the Prin- 
cipiant AG — -B*, which he calls A. But our point of view is different from his. 
He obtains A in the form of a determinant from geometrical considerations. With 
him A = is the differential equation which expresses the condition that, at a 
point a, y on any curve, a nodal cubic shall exist, having its node at x, y, and 
such that one of its branches shall have 8-point contact with the curve at that 
point. With us AC — J?^ is the simplest example, after the Mongian J., of an 
invariant in the capital letters Ay B^ (7, .... 



LECTURE XXXI. 



We may include >l among the arbitrary constants in the primitive equation 
F= X^Z^"^, which can also be written in the form 

;ilog X— log F -f- (1 — ;i) log Z= , 

or (X, F, Z being general linear function of a, y, 1) in the equivalent form 

^\og{y + ax + ^) — log (y + a'x + fi') + (1 — ;i) log (y + a"a; + ^") = const., 

which evidently contains 8 independent arbitrary constants. 

Qne of these will be made to disappear by differentiation, and thus we shall 
obtain a differential equation of the first order, containing 7 arbitrary constants, 
identical (when the constants are rearranged) with 

{y — xt){lx+my)+J{rx + m'y + n') + rx+m''y + n" = 0, 

which is known as Jacobi's Equation. 

For, by differentiating the primitive equation, we obtain 
^{t + a){y + ax + ^3)-^- {t + a')(y + a^x + ^'Y^ 

+ (1 - X){t + a'){y + o!'x + n"' = 0, 
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which, when cleared of negative indices by multiplication, becomes 
X (y + a'x + ^')[{y + a"x + ^"){t + a)-{y + ax + ^){t + a") \ 

+ {y + ax + ^)\{y + aIx-\-^'){t + a!')-{y + a!'x + nt + o!)\^0. 

Writing this equation in the equivalent form 

a(y + a'x + i80l(a-a'')(y-«^0 + (i8''-/?)< + (a/?''-a'W} 

it is easily seen to be identical with Jacobi's equation given above. 

The seven arbitrary constants which occur in Jacobi's equation are the 
mutual ratios of the eight coefficients Z, m, 7, m', n', ?', m", n", any one of which 
may have an arbitrarily chosen value assigned to it. 

Taking tti = — 1 , the equation may be written in the form 

Pt + lxy — 7f+ l"x + m"y + n" = , 
where P = 7a; -f- m!y + n' — 7ic* + xy. 

In order to eliminate n" and 7', we diflferentiate the above equation twice. 
The first differentiation gives 

2aP + t{P + Jx—2y + rn!') + Zy + 7' = 0, 

where P = -j- = 7 + rr^'i — 27a; + y + a:<i and the second differentiation gives 

QhP +2a(^P + lx—2y+m!')-\-t{P'+2l—2t)-=iO. 

dP' 
Now, P" = — z= 2a (m' + a) + 2 (< — I); so that, on substituting this value, the 

above equation becomes 

SbP + aQ = 0, ■ (1) 

where Q= 2P' + Ix— 2y + m" + m't + xt 

= 27 + 3m't — 3lx + Sxt + m". 

Differentiating (1) we have 

12cP + SbF + SbQ + ag^zO, 
where ^ = 3 (< — Z) + 6a (a + m') = 35 + 6aS, suppose. 

Thus we have 4cP +bP + bQ-\-aB + 2a'S= . (2) 

Differentiating this 4 times in succession, and at each step substituting for 

P" , g , E, s', 

their values 2R + 2aS, 3E + 6aS, 2a, 1 , 

we obtain 4 more equations, from which, combined with the 2 previously 

obtained, we can eliminate 

P, F, Q, B, S. 
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Thus, differentiating (2), we find 

20dP + 8cP +b{2li + 2aS) + 4c§ + 6 {SR + 6aS) 
+ 3bR + 2a» + 12ahS + 2a* = 0; . 
i.e. 5dP+ 2cP'-^-cQ + 2bR+5abS+a'=0, (3) 

and continuing the same process, 

QeP + 3dP -\- dQ + 3cR + (Gac + 3b'^)S+ 3ab = 0, (4) 

7/P+4€P -^eQ +'idR+{7ad-i-7bc)S-h{iM+^b')=0, (6) 



SgP-\-6/P+/Q +6ei?- 
The result of elimination is 

a 

b b a 



V / 



4rf 

6e 



8(16 + 8M + 4t?)S + (6oc«+ Sic) = 0. (6) 





2a" 

bob a* 

6ao + 3S' 3oJ 

7arf + 76c iac + 24' 

8ae + 8M + 40* bad + Sic 



where the determinant equated to zero is a Principiant. 

In his Th^e sur les Invariants differentiels, p. 42, M. Halphen states that 
this equation can be found by eliminating the constants from Jacobi's equation, 
but he does not set out the worlt. When in the above determinant twice the 3* 
column is added to the second, it becomes exactly identical with the one given 
by Halphen, which he calls T. 

We proceed to express the above result in terms of the capital letters, using 
the method explained in Lecture XXIX, and observing that the determinant is 
of degree 8 and of weight 12; so that in this case i — «>=8 — 12=^4, show- 
ing that the final result has to be multiplied by a~*. 

Substituting in the determinant for 

a i c d e f g 



12 

1 

4 

B iA lA 

C bB iB bA 



it becomes 


















bA 







SB 


3A 




7(7 


4B 




»D+nA' 


bC 
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Subtracting the last column multiplied by bA from the first, and the 4^ 
column multiplied by 2 from the 5*^, and then striking out rows and columns, 



we obtain 










1 


























1 































1 






65 


ZA 


A 

















10 


4B 


5 


4A 


— A 









82) 


50 





65 


— 25 


5A 












1 






























1 






ZIZ 


65 


3^ 



















10 


45 


4/1 




— A 








8Z> 


50 


55 




— 25 5/1 






= 



65 

10 
82) 




3/1 
45 - 

50 - 





-A 
-25 


1 


6/1 


= 


65 3/1 
10 45 
82) 60 



25 



= 24 (^»i) — 3AjBC + 2B^) . 

If, using Halphen's notation, we call the principiant now under considera^ 
tion T, what we have proved is that 

T= 24a-* {A'D — 3 ABC -^ 2B') , 

and consequently that AW — 3 ABC + 2fi* is divisible by a*. 

The difierential equation 7"= corresponds, as we have seen, to the com- 
plete primitive Y= X^Z^~\ in which ^ is counted as one of the arbitrary 
constants. 

This result may be otherwise obtained. For we have shown in the pre- 
ceding Lecture that the differential equation of the seventh order, from which 
all the arbitrary constants except X have disappeared, has the form 

{AG — B'f^xA^ 
where x depends solely on ^ . 

Writing this equation in the form 

(AC7—5»)A-* = const., 

and differentiating with respect to a, we remove the remaining arbitrary con- 
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stant, and thus obtain the differential equation of the 8*** order free from all 
arbitrary constants, a result which, to a factor prfes, must coincide with 

We proceed to show how this differentiation may be performed without 
introducing any of the small letters. In the first place, it is clear that since 

(?=4(ac — 6*)aft + 5(a(i — 6c)a, + 6(a6 — 6c?)a4+ 

does not contain da and is linear in the other differential reciprocals 3j, d^ i 

Ga'<^{A, B, G,... .)=a'G<P{A, B, (7, ) 

And since we have GA =65, 

GB=7G+MA, 
GC=SD+ 2MB, 



it follows immediately that 

Ga'^ {A, B, (7, )z=za' (653^ + 7(73^ + SDda + . . . .)4> 

+ a'M{Adj,+ 2Bdo+SGdi,+ )4>. 

This is ttue for any function of the capital letters, whatever its nature may 

be; but when 4> is a principiant, it is also an invariant in the large letters; so that 

in this case we have 

{Ads + 2Bdo+ SGdj, + )4> = 

and Ga'<i? = a'{6Bd^ + iCd^ + 82)3^+ )4>. 

Now, the operation of 6? on a function of degree i and weight w is equivalent to 

d d 

that of a -1 (3i + to) 5, or to that of a -77 , when both i= and to = (which 

happens in the case of a plenarily absolute form). Hence, if we suppose 4> to 
be a plenarily absolute principiant, (?4> is also a principiant, though not a plena- 
rily absolute one. 

For a is a principiant, and -j— is a principiant; therefore a -j— or (?4> is one 
also.* Thus 6BdA + 7 (73^ + %Ddo + , 

*See the concluding paragraph of Lecture XXV, where it was shown that P, being a principiant 

dP dP 

(of degree i and weight tr), a ^ — (8t + u?) tP is a reciprocant, and a Jte "" (8t + 2«?) 6P an invariant. 

This proves, what we omitted to mention there, that P being a zero-weight principiant, 

GP= ( a -^ — »- 8*6 ) P is a principiant. 

It may here be remarked that a principiant of degree t and of zero weight is equal to the corre- 
sponding plenarily absolute principiant (which is a function of the large letters only) multiplied by the 
factor a*, on which the operator Q does not act. 
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acting on any plenarily absolute principiant, generates another principiant, but 
not a plenarily absolute one. 

We now resume the consideration of the equation 

{AC— B')A''^ = const. 
Differentiating and multiplying by a, we have 

Hence, by what precedes, 

{6Bd^ + 7(73,+ 8Ddc)\{AC — B')A-i\ = 0; 

or, using to denote the operator, 

6Bd^ +7(733+ 82)3^ + , 

A-^e(AG — &)— ~ A-'^ {AG — B*)eA = 0; 

or, observing that @A = 6B , 

Ae{AC—E') — 16B{AG — &) = o. 
This gives A{6BG—14BG+SAD) — 16B{AG — B') = 0', 
or finally A*D — 3AB G+2B^ = 0. 

We may find a generator for principiants expressed in terms of the large 
letters similar to the expression for the reciprocant generator O in terms of the 
small letters. For let P be any principiant, of weight w, which, when reduced 

to zero weight by division by A ', becomes PA ' ; then 

eipA~^) 

is a principiant. But 

(P^"^) = ^~^~' (^0 — 2wB) P, 

— — — 1 

where, remembering that A ^ is a principiant, (-40 — 2^B) P is one also. 

Now, the weights of A^ B, G, D, . . . . 

being 3,4,5,6,...., 

we may write 

w = 3Ad^ + ABds + 5Gdc+ 6Ddj, + , 

and consequently 

AQ—2wB = A{6Bd^+'7GdB+»Ddo+ 9Edj,+ ) 

— 25(3^3^ + 4BdB + 5Gdo+ 6Ddj, + ) 

= {7 AG — SB") dB + (8 AD — 105 G) do + {9AE — 1 2BD) 3^ + . . . . , 

which is the generator in question. 
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As an eaaj example of its use, suppose it to operate on AC — jB*; then 
{{7AG—SB')ds+{8AD—10BG)da\{AC—B') 
=z—2B {7AC — S&) + A {»AD — lOBC) 
^8{A'D — 3ABC+2B^). 
The generator just obtained, 

{7AG—S&)ds+{»AD—10BC)dc-{'{9AE—l2BD)dj,-{- , 

is a linear combination of Oayley's two generators {given in Lecture IT, Vol. 
Tin, p. 222 of this Journal), which, when we write A, B, C, . . .. instead of 
the corresponding small letters, become 

{AG - B^)dB + {-A-D- BC)dc-^ {AE- BD)dj, + . . . . 
and {AC — 25') 3, + {lAB — ABC) do + (3^^ — QBD) dj>-\-.... 

Thus we shall obtain the principiant generator by adding the second of Cayley's 
generators to six times the first. Either of Cayley's generators acting on a 
principiant would of course give an invariant in the large tetters (t. e. a prin- 
cipiant), but the combination we have used has special relation to the theory of 
the generation of principiants by differentiation. 



LECTURE XXXII. 

I will now pass on to the consideration of the Principiant which, when 
equated to zero, gives the Differential Equation to the most general Algebraic 
Curve of any order. 

The Differential Equation to a Conic (see the reference given on p. 18,Tol. 
IX of this Journal) was obtained by Monge in the first decade of this century. 
This was followed by the determination, in 1868, by Mr. Samuel Roberts, of the 
Differential Equation to the general Cubic (see Tol. X, p. 47 of Mathematical 
Questions and Solutions from the Educational Times). I do not consider that 
any substantial advance was made upon this by Mr. Muir, in the Philosophical 
Magazine for February, 1886, except that he sets out explicitly the quantities to 
be eliminated in obtaining the final result. These may of course be collected 
firom the processes indicated by Mr. Roberts, but are not set forth by him. In 
speaking o^ the history of this part of the subject, I pass over M. Halphen's 
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process for obtaining the Differential Equation to a Conic, It is very ingen* 
ious, like everjrthing that proceeds from his pen, but, being founded on the 
solution of a quadratic equation, does not admit of being extended to forms of 
a higher degree, and consequently, viewed in the light of subsequent experience, 
must be regarded as faulty in point of method. 

Let the Differential Equation to a curve of any order, when written in its 
simplest form, containing no extraneous factor, be ;^ = 0. It is convenient to 
give X ^ single name ; I call it the Criterion. The integral of the Criterion to 
a curve of order n must contain as many arbitrary constants as there are ratios 
between the coefficients of a curve of the n^ order. The number of these 

ratios being ■ 1 , the order of the Criterion ought to be - 



2 



2 



It must be independent of Perspective Projection, because projection does 
not affect the order of a curve. Hence it is a Principiant, and as such ought 
not (when y is regarded as the dependent and x as the independent variable) to 

contain either x, y or -p- (see Lecture XXIV, American Joumxil of MathematicSj 

Vol. IX, p. 155). 

Let U= be an algebraical equation of the n}'^ order between x, y. I 
write symbolically U={p + qx + y)" = u", 

where the different powers and products of p, q, 1 which occur in the expan- 
sion of u^ are considered as representing the different coefficients in U] so that, 
ex. gr.j if n = 3 the coefficients of 

2^, Sy'x, Sf, Zy7?, 6yx, 3y, «», 3a:», 3a;, 1 
are represented by 

1 » 9 f P^ ^ f M^ P""^ ^^ P^^ P% y- 
The number of terms in J7 is 

• 1 + 2 + 3 + .. .. + (n+l) = ^" + ^f + '\ 

The number of these containing y is 

1 + 2+3 + ....+^ = **:^. 

To obtain the Differential Equation we equate to zero the Differential 

m' .1. 3« 

Derivatives of U of all orders from n + 1 to -— ^ — inclusive, and from the 
— ~— equations thus formed eliminate the — ^ — coefficients of the terms in U 

2 iS 

containing y. 
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and, in general, u^ = y^ when i is any positive integer greater than 1 . Thus 

or, employing the usual modified derivatives a, 5, c, .... , 

CO. A' in {u + v^h + ah^ + bh^ + ch^ + . . . .y = 0. 

Writing now Q = ah^ + bh^ + ch^+ . . . . , 

and expanding {u + uji + 6)" i^ ascending powers of Q, we have 

CO. fi^ in Uu + tii^)~ + n (u + uJif-^Q + ""^^"^^ (w + ujif-^q^ + } = 0, 

where, remembering that r]>n, the value of co. h^ in (t^ + Ui^)* is zero; so that, 
omitting this term, we may write 

CO. hr in \n {u + uJif-^Q + "^"~^^ (m + Uihy-'Q* + + g»| = 0. 

The quantities to be eliminated will now be combinations of the various powers of 
u, Ml and 1. Their number will be the same as that of the terms in (m, %, 1)"~\ 

which is — ^— , the same number as that of the equations between which the 

elimination is to be performed. 

We now use {m . [l) to denote the coeflBcient of i** in Q^ (which, since 

q — ah^-^-hW^ch^-^- , 

will be independent of the combinations of u and u^ to be eliminated) , and in 

writing out the — '^— equations which result from making the coeflScients of 

n« + 8n 

A-+S A»+:», A~^~ in 

vanish, we arrange their terms according to ascending values of m and ft . Thus, 
making the coefficient of A"+^ vanish, we find 

nwy-^a. 1) + « (n — 1) tt?-»M (3 . 1) + ^^^^^^ t^-» (3 . 2) + . . . . + (n + 1 .n) = 0, 

and similarly, making the coefficient of ^"+* vanish, 

n«J-^(3.1) +n(n— l)Mf-*tt(4. 1) + '^^^^=^'«J-»(4.2) + . .. . + (« + 2.n) = 0. 

So in general the equation obtained by making the coeflBcient of A""*** vanish 
consists of a series of numerical multiples (which are independent of the value 
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and 

{ah^ + bh^+ch^+ y = a^h^ + Sa^bV + (3a«c + Sab^) A« 

+ {Sa^d + 6abc + 6«) A» + , 

the Cubic Criterion may be written in the form 

a b c a^ 

b c a^ d 2ab 

c d 2ab e 2ac +6* a' 

d e 2ac +b^ f 2ad+ 2bc 3a*6 

e / 2ad+ 2bc g 2ae + 2bd + (^ 3a*c + ZaV 

/ g 2ae + 2bd + (^ h 2a/+2be +2cd Za^d + 6abc + b^ 

ii\ which it was originally obtained by Mr. Roberts. 

M. Halphen has remarked that the minor of h in the Cubic Criterion is the 
Principiant which he calls A (our AG — -B*) multiplied by a (see p. 50 of his 
Thfese). 

We proceed to determine the degree and weight of the Criterion of the 

curve of the n*^ order. These are the same as the degree and weight of its 

diagonal 

(2.1)(4.1)(5.2)(7.1)(8.2)(9.3)(11.1)(12.2)(13.3)(14.4) , 

which consists of T^ factors, separable into n groups, 

(2.1), (4.1)(5.2), (7.1)(8.2)(9.3), (11.1)(12. 2)(13.3)(14.4), 

containing l,2,3,4,....n factors respectively. Now. 

{m.fi) = CO. A* in {ah^ +bh^'^ch^ + . . . .y 
= CO. A*-*'* in {a + bh + ch^ + )^ 

and consequently (m.fi) is of degree (i and weight m — 2(i. Hence the degree 
of the Criterion (found by adding together the second numbers of the duads 
which occur in the diagonal) is 

1 + (1 + 2) + (1 + 2 + 3) + (1+2 + 3 + 4) + +(l + 2 + 3 + .... + n) 

= 1+3 + 6 + 10+....+-^ 

_ n(n + l)(n + 2) 
~ 6 • 

To find the weight of the Criterion, we begin by arranging the factors of its 
diagonal according to their weight. This is done by writing each group of 
factors in reverse order, so that the diagonal is written thus ; 

(2.1)(5.2)(4.1)(9.3)(8.2)(7.1)(14.4)(13.3)(12.2)(11.1) 
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The weights of the factors are now seen to be , 1 , 2 , 3 , . . . . — ^ 1 ; 



there being 



n^-{'n 



factors in the diagonal, one of them of zero weight. Hence 



the weight of the Criterion is 

1 + 2 + 3 + .... + ( 
n* + n ^ \ w' + ^ 



n^ -{-n 



-0 



_(T-0 



2 _(n— l)n(n+l)(n+2). 



8 



If, in the above formulae, we make n= 2, we shall find that the degree is 
4 and the weight 3 , whereas the Mongian a^d — Zdbc + 26' (which is the Crite- 
rion of the second order) is of degree 3 and weight 3 . 

To account for this discrepancy, observe that in this case 







a b 

b c a^ 

c d 2ab 



(2.1) (3.1) (3.2) 
(3.1) (4.1) (4.2) 
(4.1) (5.1) (5.2) 

which is divisible by a, the other factor being the Mongian, as may easily be 
verified. This is the only case in which the determinant expression for the 
Criterion contains an irrelevant factor. 

To express the Cubic Criterion in terms of a. A, B, C, D, E, we first 

remark that its degree is ' ' =10, and its weight I =15. Thus the 



8 

deg. 



wt. 



Cubic Criterion is expressible as the product of a"**^(10 — 15 = — 5) into a 
function of the capital letters, which we determine by the usual method of sub- 
stituting for 

a, b, Cf d , ^ 9 / 1 9 n h 

1, 0, 0, A, B, (7, 



D + ^A\ 



E-\-^AB. 



8 ' '2 

WheD these substitutions are made, the Cubic Criterion becomes 



1 


A 

B 






A 
B 

C 



G i) + 



25 
8 





1 A 
B 

G 

26 

2A D+ ^ A\ 

2B E+^AB 



1 


2A 

2B 





1 






2G ZA 
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Subtracting the first column of this determinant from the fifth and reducing, we 
obtain 




A 
B 

G 



1 



2A 
2B 



A 

B 

G A 

26 

D+^A* B 

O 

E + ^AB G 




1 



3^ 



Again, subtracting the second column multiplied by A from the third and 
reducing, there results 

B 

G A 

9 



A 
B 

G 



D+^A* 



D+^A* 
E+^AB 



B 



G 



1 






SA 



which, after subtracting the first row multiplied by SA from the last and re- 



ducing, becomes 



B 

G 



D + ^A* 



G 

D + ^A* 

E+-^AB 



A 
B 

G 



= b(gD + -^A*G — BE—^A&\ +g(bD + ^A*B—G*\ 

+ a(ge+^abg-ij^-~aw--1^a^ 

— (aGE—B'E— ad* + 2BGD — 0») _ A ^ (a*D — SABG + 2B»)— ^ AK 

This expression, which is of degree- weight 16.15, instead of 10.16, must be 
divided by a' to give the correct value of the Cubic Criterion. 

(To be eonduded in a mbteguent number.) 



Sur une Classe de Nombres remarquahles. 

Par Maurice d'Ocagne, 
Ingeaieur des Fonts et Ghausshs^ h Rochefort-s.-Mery France, 



1. Les nombres que nous avons en vue, comme les coeflBcients du binome, 
comme les nombres de Bernoulli et les nombres d'Euler, jouent un role important 
dans maintes formules d'Analyse. lis ont done et6 rencontres par plusieurs 
auteurs parmi lesquels nous citerons MM. Schlomilch,* Catalan,f Cesaro.J Mais 
ils ont toujours 6t6 definis par ces auteurs au moyen de certaines formules 
d'Analyse dans lesquelles ils inter venaient. Nous les avons nous meme rencontres 
au cours de Pune de nos recherches.§ Aussi avons-nous pens6 qu'en raison 
de rimportance de leur role, il y avait interet a en faire une etude directe, en 
partant d'une d6finition aussi simple que possible. C'est une telle etude que 
nous allons presenter ici. On y trouvera un certain nombre de remarques 
nouvelles. 

Nous conviendrons d'abord de diverses notations qui doivent revenir fre- 
quemment au cours de ce travail. 

-4jj repr^sente le produit de n nombres entiers consecutifs dont le phis grand est 
m. C'est, comme on sait, le nombre des arrangements de m objets pris n h n. 
On convient, en outre, de poser J.Jj = 1 . Nous representerons aussi, suivant 
Pusage, A^ par p ! . 

Ga^ reprSsente le quotient du produit de n nombres cons6cuii/s dont le plus 
grand est m par le produit des n premiers nombres, C'est le nombre des combi- 
naisons de m objets pris nan. On convient aussi de poser (7^ = 1 . 

*Becherche8 sur les Coefficients des Faculty analytiques {Journal de Ordle^ t, 44, 1852, p. 844). 

tflfwr une Suite de Polynomes entiers .... {Association frangaise pour VAvancement des Sciences, t. 
IX, 1880, p. 78). 

X Sur une J^quation aux Diff^ences mSl^ {Nouvelles Annales de MatMmaHques, 8© S6rie, t. IV, 1885, p. 
86) ; Dirivies des Fonctions de Fonctions (itnd,, p. 41) ; Notes sur le Calcvl isobarique {ibid,, p. 59). 

iSur un Algorithme alg&nique {Nouvelles Annales de Mathimaiiques, 8© S6rie, t. II, 1888, p. 220). 

Nous nous bomons fl ces quelques citations bibliographiques. II serait possible assur^ment de les 
multiplier, mais les moyens nous font d^faut pour le faire a Theure oil nous ^rivons. 

VOL. IX. 
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Sji^ represente la somme des produita des m premiers nomhres pris n h n. 
Nous poserons encore aS"^ = 1 . 

2. Definition des Nomhres K^ . — Nous definirons les nombres que nous avons 
en vue au moyen d'un triangle arithmetique analogue a celui que Pascal a 
imagine pour definir les coeflBcients du binome. 

Ce nouveau triangle est le suivant 



K 




2 


8 


4 


5 


6 


7 


• • • 


1 


















2 




1 














8 




8 


1 












4 




7 


6 


1 


\ 








5 




16 


25 


10 


1 








6 




81 


90 


65 


16 


1 






7 




68 


801 


850 


140 


21 


1 




• • • 


• • • 


■ • • 


• • • 


• • • 


• • • 


• • ■ 


• • • 


■ • • 



dont la loi de formation s'6nonce ainsi : 

Le hord vertical et le hord incline de ce triangle arithmHique sont enfih'ement 
composes de !• Chaque nomhre du triangle est 6gal h la somme de celui qui est 
placi immediatement au-dessus de lui multipliS par le numho de la colonne dans 
laquelle ih se trouvent tous deuxj et de celui qui est situS imm^iatement h gauclie de 
celui-d. 

Nous representerons le nombre plac6 ^ I'intersection de la m**"* ligne et de 
la jp**"® colonne par la notation K^, , de sorte que 

K\= 15, irf=90, Jrf= 140, etc 

Dans ces conditions, la loi de formation qui vient d'etre 6nonc6e tient tout 
enti^re dans les formules 



(1) 
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On peut completer le tableau precedent en mettant des dans toutes les 
cases vides, ce qui revient a poser 

Kl, = , lorsque p ]> m . 

Nous tiendrons compte de cette convention dans la suite, 

3. Certaines consequences decoulent imm^diatement de la formule (1) . 

Par exemple, on a 



et, en faisant la somme, 

(2) KP, =i>^^_i + {p-l) Klz\ + ....+ 2Kl_p^, +jn 

On a aussi 



m — p • 



^? + l=i>^J 






Multipliant la premiere de ces 6galit6s par 1, la seconde par jp, la troisifeme 
par jp*, . . . . , la demifere par jp'""^, et faisant la somme on a 
(3) KP, = KP,z\ + pKlrJ, + p'Klr.\ +....+ p^-^Kiz\. 

Ce ne sont pas les seules proprietes qui puissent se d6duire directement des 
formules de definition. En voici un autre exemple : * 
Oonsid^rons le determinant 

Kl El K\ ....K^zl JT- 

Kl Kl Kl .-..JT--^ jrr+i 

TT^ TT^ K^ /T"*-! /T'^ 

/L3 A4 ^5 . • . . ^TO + l ^m-^% 



A» = 



TT^ K^ TT^ /r*»-i 7r*» 

TP- E^ TT^ TT^ — ^ TT^ 

^^m ■^to+1^to4-2* • • • -^2m — 2 ■^2m — 1 

Laissant la premiere colonne intacte, remplapons les Elements de chacune des 
autres par leur difference avec les elements correspondants de la colonne prece- 



* Voir aussi plus loin au No. 10. 
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dente. 



Nous obtenons ainsi, en tenant compte des formules (1), 

J^ 

Kl 25? ZKI {in — l)-ff"»r/ mKl 



A« = 



'm 
'm 



K^ 2Ei SKI {m—l)Ki 



m-l 
m 



mK^I^+i 



Ki 2KI 3ir^+i .... (»i - 1) KZ-_\ mESn_, 



ou 



A„= 2.3.4 . . . . m 



■m 



Ki Kl 
Kl Kl 



• • • • -"-m— 1 

• • • • -^m 



KUt 



Continuant i op6rer toujours par le meme proc6d6, on arrive, de proche en 

proche, a ce resultat : 

(4) A„ =2.3^43 m""\ 

4. Les formules (1) vont nous permettre encore de d6montrer cette int6res- 

sante proposition : 

Venation 

^^{x) = Ki, + Klx + Kl,7? + .... + K;;t^'^ = 

obteriue en multipliant lea nombres de la m"** ligne par 1, x^ a?^ . . . . ^ faisant la 
somme et igalant h 0, a toutes ses ragines r^elles. 

La proposition est evidente pour ^ («) = ; il suflGlt done de faire voir que 
si elle est vraie pour ^m-i(2c) = 0, elle Pest encore pour ^^(a;) = 0. Or, si 
r^quation ^m^ii^) = a toutes ses racines r6elles, il en est de meme de r6qua- 
tion -J^m-iCa;) = a^m-i(aj) =0, et, par suite aussi, en vertu d'un th6or&me connu 
qui decoule immediatement du theorfeme de Rolle, de l'6quation 

'^m-i{x) + 4^inMx) = 0. 

Mais, les formules (1) montrent que 

La proposition 6nonc6e est done d6montr6e. 

5. Pour avoir I'expression explidte du nombre jff^ en fonction de ses indices 
m et^, nous fefons usage de certaines formules d6montr6es dans notre Note 
8ur un Algorithme algebrique. 
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Representant par [aici^ .... aj^*"^ ce que devient le developpement de 
(ai + a, + . . . . + Up)^ lorsqu'on y remplace tous les coeflBcients par runit6, 
nous avons demontr6 que si Ton pose. 

/{x) = {x — ai){x — Oa) • . . . (a; — a^) , 

1=1 
en convenant d'ailleurs de prendre 

[«,«,. . ..«,]<•»--' = j^ l°"1"^ m-p=0 
*■ '-' lo " m — p<0 

Or, on a, bien 6videmment, 

/' K) = («i — «i)(«i — «») («i — ai-i)(«< — «i+i) . . . . (Oi — Op) ; 

ii^CLt Clj)j=l,2 i-l.<+l p 



< = 1 



Mais, il r6sulte, toujours de la meme Note, que 

^^=[123 pY^'-pK 

On a done, en faisant dans la formule prec6dente ai=l,a2 = 2,...., ap=p , 

I Tin <■ \/rk «>\ 771 \ i" • • • • 



(1 — 2)(1 — 3) (l—p) (2— 1)(2 — 3) (2— p) 

I 77 1 \/- oT 1 7 T"\ 7* \ I • • • • I 



(i_l)(i_2)..., . l.(_l) (t— i>)^ (i> — l)(i> — 2) 2.1 • 

Multipliant le premier terme haut et bas par 1, le second par 2, le troisifeme par 
3, . . . . et retranscrivant la formule en intervertissant Tordre des termes, on 
obtient 

(0) ^m-^j (p_i)!i!^(p_2)12! 

^y ^) 2!(p — 2)!^^ ^ l!(p — 1)! 
Cette formule se transforme immediatement en eelle-ci 
. . ^,_ l)"-C;(j>-ir+Cg(p-2r-. . . .+(-l)^-^(7/-»2>»+(-l)^-^Cg-U>» 

Telle est la formule qui donne expliciteraent K^ en fonction de m et de p . 

• 

*Ce r^sultat est d'ailleurs imm6diat. U est bien 6vident, en effet, d^nne part, que 

[123 p]t'"-''>=p[123 p]("-''-»> + [123 (p — Ijr*-*-*^; 

de I'autre, que [!]-»-» = 1 , [123 mP = 1. 
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EUe a d6j^ 6t6 obtenue par M. Schlomilch,* mais par une m6thode totalement 
differente et qui paraitra sans doute moins simple. Aprfes la convention qui a 
6t6 faite sur les valeurs de [oio^ .... ap]^"*"^^ pour m — ^= 0, on voit que la 
formule (5), ou sa transformee (6'), subsiste quelles ^ue soient les valeurs rela- 
tives de m et de ^, moyennant que Ton prenne, comme il en a dejsL ete convenu 
plus haut (No. 2), jK^ = pour i?]>w2.f Pour m = pj ^m= 1> ®t la formule 
(5') donne alors une reraarquable identite. 

6. Une autre propri6te de la fonction [oiO, .... ap]^'"""''^ fait connaltre tr&s- 
aisement \a fonction g^nhatrice du nombre K^. Nous avons, en effet, demontr6, 
toujours dans la meme Note que [aiO^ .... aj^*"""^^ est le coefficient du terme en 

dans le d6veloppement de ; r-. r z r suivant les puissances 

^^ (a; — ai){x — a^ .... (a? — Op) ^ 



x"^ 



ascendantes de — . Ainsi 

X 



y^) ^x—l){x—2)....{x-p)~ x^ "^ 0^+^ ^ ^a;P + m-r- 

Dans ce d6veloppement en serie le rapport d'un terme au pr6c6dent est 



Kl X 



-m 



OU, d'apr^ la formule (5') 

J_ jp'^+^— ^j(j>— l)'"+^+(7^(j?— 2)"+^— .... 

X • p^—Gl\p—lY'+ ci^p—iy — 

qui pent s'^crire 

/ 1 N'^+l / 2 \'*+i 



X 



'-<'- j)'+ <' - jT- ■■■■ 



dont, la limite, lorsque m croit ind6finiment est 

X 

Ija s6rie sera done convergente pour 

x>p. 

Changeant a: en — , ce qui transforme la condition de convergence en 

X 

. p 

*Loc. cit,^ i 1. Ce que M. Schlomilch d^signe par Cr* s^^crit, avec noe notations, K^^k ; ce qu^U 
d^signe par C/ est, avec nos notations, 8i_i . 

t Voir au No. 15 une autre demonstration de la formule (5'). 
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on obtient sous cette condition le d6veloppement 



(l_a;)(l_2a;) (1 —px) 

On tire de 1^ 



—— - K^+KP+,x +ir/+,x»+ .... +^^»"-'+. . . . 



(8) 



Xp = - [jD^'-p ' 1 

*• {m—p)\ L (1— a;)(l — ac) {l—px)X^Q 



7. Dans notre Note sur un Algorithms algSbrique le nombre que nous desig- 
nons ici par K^ est design^ par [1^]^*""^^ Le nombre analogue 

[a(a+l)....(a+i>— l)]^-+^>, 

designe abreviativement par [aj^'"~^\ pourra de meme etre figur6 par la nota- 
tion ir^(a), et on aura 

Par suite, les nombres iS(a) seront donn6s par le triangle arithmetique 



K(u) 


1 


a 


• 

8 


4 




1 


1 






V 




2 


a 


1 








3 


a^ 


2aH-l 


• 

1 






4 


• • • • 


8a2 + 8a + l 

• • • • 


3a+8 

• • • • 


1 

• • • • 


• 
• 
• 
• 





dans lequel chaque element de la ^"'"* colonne est egal h la somme de celui qui eat 
sititS imm^diaiement au-dessus de lui multiple par jp + a — 1 , et de celui qui est 
imm^iatement d gauche de celui-ci. 

Les nombres K^{a) qui g6neralisent les nombres K£ jouissent de proprietes 
tout-a-fait analogues. En particulier, on a 



_ ^(a) . J£?4.i(a) 



of 



+ 



p+i 



+ ...+ 



^A.«(«) 






(2) i 

^ ^ {x — a){x — a — l)...{x — a — ^^:>+l) 

Nous avons fait connaitre (loc. cit.) Pexpression des nombres [a^]'"*^ au moyen 
des nombres [ip]^*^ Traduisant cette formule a Paide des notations du pr6sent 
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Memoire, aprfes y avoir remplace p par m +jp, on obtient t;e resultat remarquable 

i = a--l 

(10) Kl{a) = Yi C'i-i^P+.-i^S-^'. 

U va sans dire, puisque JE2 = pour p^m, que la formule precedente 
s'arretera au terme en K^ lorsque ^ + a — 1 sera sup6rieur h,in.' Ainsi 

^(a) = Jg? + (a-l).2.^ + ^°'~y°~^^ 3.2.ig? 

= 7 + (a — l).2.6 + (a— l)(a — 2).3. 

= 3a'' + 3a + 1 . 
8. La formule (10) va nous permettre d'^tablir la condition de- convergence 
de la's^rie (9). En effet, dans cette s^rie, le rapport d'un terme au pr6cMent 
6tant „ -JL ^^+i(«) 

les formules (10) et (5') permettront de le mettre sous la forme 
1^ ^«+i_(7 i (p_i).H-i.,_ . . .. + CUAl [ {p+l)'^^-Ci+,p'^'+ C;»^^(y-l)»+i-. . . .] 

i'" -C^{p-ir +.... + <7i-i4i[(p+l)" -C^ViP" +C*+ip-ir -....] 



X 



+ ^a-l-^j>+l 



[(p+2)» -(7pV8(i^+l)'" +C7j+,^" _(7^^(p_i)« +....] + ... 



Divisant haut et bas par p", on voit que lorsque m croit ind6finiment, on a 

1 P + OL^AlUl+^y'-C^^.p] 
Lim p^ = — Lim ■ . \ .„ 

+c!_,ai,^Ip(i + Ay-' -c7j^,j,(i + ly-^ +c7j.t.,j>]+ . . . . 

+ (7Li^^,[ (l + A)" _ c7,V,(l + y)" + C7^.] + . . . . 
expression qii'on pent 6crire 

Limo --Lim ^""^'+"'(P + ^)''"^'+"»(P+^)'"^'+---'+^-^^^+'"-^)'"^' 
^^ ^ i>"+ ai(i' + 1)"*+ a^{p + 2)-+ . . . . + a._i(p + a — 1)- 



a; 



(i - ^|sy+<^-^T5i) 



+ +a._i(jo+a— 1) 

+ .... + a._i 

_ J> + « — 1 

a; 
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La sSrie (9) sera done eonvergente si 

X ^p + a — 1 . 

9. Si on multiplie les deux membres de l'6galite (6) par (x — l){x — 2) . , . . {x — y) 
et qu'on en effectue ensuite Tidentification, on arrive k la formule gen6rale 

(11) ^S.+p — S^Ii^Si^p-i + S^K£^^^,-. ... + {-l)PS^Kii = 0. 

Faisant, dans cette formule, m successive ment 6gal atw,»ii+l,m + 2,....ni +p , 
on obtient p+ 1 Equations lin6aires en Sp, Sp ,...., S^. Eliminant ces p 
quantit6s entre ces jp + 1 6quations, on obtient la formule 

J^m + p^l-^m-^'P Ji-m + p—1 .... -^£+2 -^m+1 



(12) 



= 0. 



-^+2p— l-^ + «p-«^m + |p— 8 . . • • ^£+p ^m + p — l 
^ni + ip -^m + gp — l^m + 2p — S .... ^f+p + l^m+p 

Ce determinant est d'une forme tr^-symetrique. Tous les 616ments d'une 
parall^e quelconque k la diagonale principale sont, en effet, 6gaux entre eux. 
Les indices sup6rieurs sont les memes pour tous les 616ments. Get indice com- 
mun, qui indique que tous les nombres K£ entrant dans la composition du deter- 
minant appartiennent k une meme colonne du triangle arithm6tique de definition, 
est 6gal au nombre des elements de chaque ligne ou de chaque colonne diminu6 
d'une unite ; quant aux indices inferieurs ils decroissent graduellement d'une 
paralMe k la diagonale principale k la suivante, guand on parcourt le determi- 
nant dans le sens de la seconde diagonale prise de gauche a droite. 

10. Nous allons faire voir que les formules (1) de definition permettent de 
d6montrer directement la formule (12). 

Si nous remplapons les elements de chaque ligne du determinant, a I'excep- 
tion de ceux de la premiere par leur difference avec les elements correspondants 
de la ligne immediatement sup6rieure multiplies par p , nous obtenons, en vertu 
de la formule (1), Un determinant Equivalent au premier et dans lequel les 
indices sup6rieurs des Elements des^ derniferes lignes sont 6gaux kp — 1. 

Remplapons maintenant les elements de chacune des p — 1 derni^res lignes 
par leur exc^ sur les 616ments correspondants de la ligne imm^diatement sup6- 
rieure, multiplies par p — 1 . Nous obtenons alors un determinant, encore 
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Equivalent au premier, et dans lequel les indices superieurs des 616meiitB des 
p — 1 derniferes lignes sont 6gaux kp — 2 . 

Continuant ainsi de proche en proche, on arrive h, transformer le d6termi- 
nant en un autre dans lequel les indices sup6rieurs des deux demi^res lignes 
sont egaux S. 1 . Or, d^une mani&re g6n6rale, 

Done, dans ce dernier d6terminant, les deux derni&res lignes sont unique- 
ment compos6es de 1 ; elles sont done semblables et le determinant est nul, ce 
qu'il s'agissait de prouver. 

11. On sait que si Ton pose 

A^(x~)= {x + iy — X-, 
A*(x~) = A^ {{x + 1)"*) — A^ (x-), 
A3(x"') = A*((x + 1)"*) — A» (a;~), 
etc 

on a, d'une manifere g6n6rale, 

£^^{x'^) = {x+pY—Gl{x+p—lY+Cl{x+p—2Y — 

+ (— ly-'^Cf-^ix + 1)"* + (— 1)^ Glx"^. 

Faisant, dans cette formule a; = 6 , nous avons 

^^{Q'^)=ip^—Gl{p— 1)~'+ Gl{p—2Y— ....+(— l)P-^(7|-^l^ 

La comparaison de cette formule avec (5') montre que 

(13) A^(0~)=^!Jr£. 

Cette formule est tr&s importante puisqu'elle montre, au coefiScient p\ 
pr&s, ridentit6 des nombres K^i avec les nombres A''(0**) qui se rencontrent si 
fr^quemment en Analyse. Tons les r6sultats oii ceux-ci interviennent, prennent, 
grace h, la definition si 616mentaire que nous avons donn^e des nombres KS, au 
No. 2, un caract&re de plus grande simplicit6. Nous aliens en donner quelques 
exemples. 

1 2. La formule d'Herschel qui fait connaitre la rn***"® d6riv6e d'une fonction 
^ quelconque de c*, au moyen des d6riv6es ^'(c*), ^"(e*), . . . • de ^{<f) prises 
par rapport a e* devient 

(14) i>r^(e*) = ^^^^(O + ^J1^4>''(^) + . . . . +K:e^q>^^\^). 

La formule, remarqu6e par M. Cesarb,* qui donne la m'*™® difference A^y d'une 

* Nouvettea Anncdea de Math&matiques, 1885, p. 64. 
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fonction quelconque, pour la difference Aaj de la variable, s'ecrit 

Pour y = e*, cette formule donne, en posant Aa;= z, 
Pour y = sin a, Ax = z, 

i=oo 

(17) 2* sin~ — sin [a; + — 2~"J~ zL/ Z^ ^^^V^ "^ ^ — ^ J«g "*" - 
Enfin, si on pose y= — etAx= — xz, la formule (15) redonne la formule 

(7) apr^s changement de z en a, et de m en ^. 

13. C'est ici le lieu de dire quelques mots des nombres de Bernoulli et 
d'Buler et de faire voir leur correlation avec les nombres K^ . 

Certains auteurs* donnent ainsi les valours des premiers Nombres de 
BemouUi : 

•n 1 p ^ jy ^ P — I? _ " 



6 ' "'' ~~ 30 ' ''^ "" 42 ' "* ~ 30 ' ^' ~ 66 ' •• ' • 
d'autresf les 6crivent ainsi 

^i—-Q' ^s— 30"' -"5— 42 • •"'— 30 ' »" 66"' 



• • • 



Nous adopterons ici les notations suivantes egalement connues et dont M. 
Cesarb, entre autres, fait usage dans sa remarquable 6tude sur les Nombres de 

BemouUi et d^Euler^X a savoir 

111 1 

5o = 1 , 5j5 = -^ , ^4 = — ^^ , 5^ = -— , ^8 = — 



6 ' * 30 ' ' 42 ' ^ 30 ' 

A = 4-. ^3=0 , ^5 = , 5, = , B, = 



• • • t 



2 

Oette mani^re d'6crire les nombres de Bernoulli permet de les dJejinir par Tegalite 
symbolique (5 + 1)*'— 5" =5: v (v = 1 , 2, 3 , 4, ) 

moyennant la convention que, dans le premier membre, ^ doit etre remplac6 
par B^ . 

♦Voir notamment : J. A. Skrbet, Trcdti de Trigonomitrie^ 6® 6dit., p. 260. 

J. Tannery, Introduction d la TMorie des Fonctiona d^une Variable^ p. 192. 
t Voir DXTHAMBL, EUments de CaletU ir^finitisimdl, So 6dit., t. II, p. 427. 
t Nouv. Ann, de Math, 1886, p. 805. 
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De meme, les Nombres d/Euler 

jEq = 1 , jS'2 ^ — 1 , ^4^5, £^e = — 61, j^g = 1 385 1 . • . . 

jE'i=o, ^3 = , ^5 = 0, je; = o , js; = o , 

sont definis par Pegalite symbolique 

{E+iy+{E-iy=0 (r=l, 2,3,4,5, ). 

M. Oesarb definit encore les Nombres uUra-berrwuUiens par r6galit6 symbolique 

(i + iy-ag'' = i; (i;=0, 1, 2, 3,4,....), 
et les Nombres ultra-euleriens par cette autre 

(H-l)'' + a(g-l)-=0 (r = l,2, 3,4,6 ) 

avec la condition initiale ^0 = 1 • 

Tous ces nombres jouent un role extremement important en Analyse. II 
suflBt, pour s'en rendre compte, de lire le beau travail de M. Cesarb oil Ton trou- 
vera de trfes-curieuses propriet6s de ces nombres. Nous nous contenterons ici 
d'emprunter S, ce Memoire les expressions de ces diverses sortes de nombres, en 
fonction des nombres K^. 

On a 

n«^ 7? - ^ f l'-g'm-i _ 2! Kl-i . 3!ia_, (-ir(m-l)!Jgrrh 

^10; -o^— 2^_^|^ 2« 2* "^ 2* "*" V J' 

On trouvera plus loin (No. 29) d'autres expressions de jB„^. 

(19) JE',, = — 4-[2.2! iT^— 2.3! Kl + 4.\ K^ ,^ ^ , ,^, , ^ 

\ ^ ^ 4L » ml «j (Cette formule 6tant prolong^ 

]^ jusqu'd ce qa'eUe s'arrdte 

+ -^[2.6! iTJJ — 2 . 7 ! Kl + 8 ! K^ d'elle-mfime, o'est-A-dire jus- 

qa'd ce qubn tombe sur un 

--l[2.10!iri<'-2.1l!^^ + 12!Z2»] ^^^^d'en-haut. plu- g»nd 
+ 

(20) 8,--7»a[^^-3^ + ^-^--^ + ....+ (^_i)^ - J- 

(21) g« = — CO80.1! Jri+ COS0 COS 30. 2! JEJ— 

+ (— 1)—* cos— 'd cos (to + 1) d. m ! JTr 
B 6tant d6fini par tang'd = a. 

Notons encore cette formule que nous avons obtenue par transformation de 
la formule (8) du Memoire cit6 de M. Schlomilch, 

(22) sg = Ai[^^^f^ Kr, - ^"jb-'i'tf^' -g^-i + • • ' • 
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Nous nous bornerons au rappel de ces quelques exemples, et nous allons re- 
prendre Tetude des proprietes des nombres KS^. 

14. Repr^sentant par Fune fonction absolument quelconque, posons 



^-~'^'"^-~^' 



Si nous d^veloppons le calcul pour les premieres de ces fonctions, nous 
trouvons Ti=T-{-xY', 

Ts=T+ 7xT+ 6x»F"+x»F", 
Yt=T+Ux Y'-\- 25x» F"+ lOar* F"'+ x* P\ 



Le rapprochement de ces formules et du triangle arithm^tique du No. 2 met 
bien nettement en Evidence la loi de formation des coefficients dans ces formules. 
On vcrifie d'ailleurs immediate ment, en tenant compte de la formule (1), que la 
loi suppos^e vraie jusqu'Jl I'indice m — 1, I'est encore pour I'indice m. On a 
done 

(23) F»= jE2+iF+ Ki+ixr+ . . . . + ^r+i»— 'r— «+ jrr^x^x"F'*>. 

15. Cette formule est tr^ importante. Ifous allons faire voir d'abord com- 
ment elle permet de retrouver I'expression (5') de K^i . 

Prenons pour fonction F 

Y=x''. 

Nous avons F' =.4Jx''~\ 

F" =A*^p-*, 



jr(»)_j»3.p_«. 

et Fi ={p+l)x'>, 

F, =(p+l)V, 

F«' = (p-i- l)"a;^* 

*Fai8ant Y =a^+c^_iaf-* + + ciiX+ao, 

on a F«=(_p+l)-apaf+p'"c^_iar-*4-. . ... + 2''a,x+l^ao. 

L'application successive du th6ordme de RoUe aux Equations Fi = 0, FszrO, . . . . , F»=iO permet 

d^dnoncer ce th6oreme : 

Si Viguation F^ a toutes ses racines reclles, 

1«> II eti eat de meme de V^iiUion Ym = 0; 

2o Cette denii^re ^uation a autant de raciues jjositives et autatU de radnen neijatives qive Ui premUre ; 

3^ Toute radike Ar»i''« de la premise equation, ifik;>m^ est racine k — »/*«!>'< de la secoiuie. 
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La formule (23) donne done, dans ce cas, 

ou, en divisant les deux membres par x', 

(24) {p + 1)" = ^+1 + AlKi^^ +.... + A^-^KZ+^ + A';K:tl. 

Remarquons en passant que, si, dans cette formule, nous remplapons p par — , 

Cb 

nous pouvons l'6crire 

(24') (x + a)" = ^+ia- + Kl+iu'-'x + ^+ia"-»x(x - a) + . . . . 

+ KZ+iX (x — a) .... (a? — {m — 1) a), 

formule qui pr^seute de I'analogie avec celle du binome de Newton. 

Dans la formule (24), remplapons m par m — 1, et faisons succe£eivement 
^=0, 1, 2, . . . . , p — 1. Nous obtenops uinsi les p Equations 

2—1 = ^ + ^1^ , 

3"-i = J?i + JiZl+^|JE2, 



^—1 = El+ Al,_iKl + Al_,Ki + .... + APziKH. 

Ces p Equations du premier degr6 k ^ inconnues vont nous permettre de 
calculer K^. Pour obtenir Pexpression de cette quantity, nous emploierons 
Tartifice suivant : multiplions 

la premiere Equation par ( — l)^~^Gj^~^.l, 

- " deuxi^me " " (— 1)*'-»(7|-».2, 

" troisifeme " " (— ly-'G^-'.S, 



" derni^re " " G^.p, 

et faisons la somme des Equations ainsi transform6es, en remarquant qu'cn vertu 
d'une propri6t6 bien connue des coe£Scients du binome, on a 

(7;c;- QC7;_i+ ^(7;_,- . ... + (- l)''-C*-»(7» = 
et, par suite, en multipliant par n ! , 

G^A;: - GIA;_, + Gf4;-» -....+(- l)''-(7^-M» = 0. 
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Cette formule permet d'exprimer un nombre quelconque K^ au moyen de la 
double suite K^, ^iJ'\ . . . - , -fflL' ^t K^.,, K^jr^, . . . . , K]^,, en supposant 
m' + m" = m + 1 . H suffit, en effet, pour cela, de remplacer, dans la formule 
pr6c6dente, m + k+ 1 par m, i+ 1 par^p, m + 1 par m\ etJc+1 par m". 

18. On retrouve encore les nombres K^ dans d'autres suites d'op6rations 
analogues k celle du No. 14. Afin que la confusion ne soit pas possible avec 
celle-ci,' d^signons maintenant par y une fonction quelconque do a;, et posons 
successivement dy 






Cette seconde suite d'operations a d6jS, 6t6 consid6r6e par M. Cesarb.* Le 
calcul successif de y^ , y, , yg , . . . . montre, d'une fapon analogue ^ celle du No. 
14, que 
(28) y^ = Klxi/ + Klfl?t/^ + .... + JTjxV"^- 

D6signant par Z une fonction quelconque de x, considerons encore les fonc- 
tions d^finies par la suite d'op6rations 

Zi = ^Z -|- -7— xZ , 



Z^ — xZ^_x + -jz *'^«-i« 



Calculant les valeurs des premieres fonctions on trouve 
Z^—{x-\-\)Z-^xZ\ 

Zj = (a?+ 3x + 1) Z + (2a; + 3) xZ' + ^Z", 
Z3 = (»»+ 6x» + 7x + 1) Z + (3x» + 12x + 7) xZ' + (3x + 6) a»Z"+ 7?Z"', 

# 

On se trouve done ainsi conduit ^ la loi remarquable exprim6e par 
(28r ^« = 4'«+i(«)^+ %^^ xZ'+ ^%^a:»^"+ .... 

1 . 2 . . . . 7?l ' 



Nouv* Arm, de Math, 1885, p. 86. 
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en posant, comme au No. 4, 

On v6rifie, en effet, en tenant compte des relations (1), que cette loi suppos^e 
vraie pour Pindidfe m — 1 , Test encore pour Pindice m . 

19. Les formules (23) et (28) sont susceptibles de nombreuses applicatiotis, 
principalement h» la recherche de certains d6veloppements de fonctions. 

Supposons que la fonction /(x) soit, pour certaines valeurs de la variable, 
developpable suivant les puissances de x par la formule 

Si nous posons /(a) = F et que nous appliquions la formule (23), en remarquant, 
pour calculer ce que devient le second membre, que si F= x^, on a F,^=(_pH- l)*a5^ ; 
nous obtenons 

(29) Kn^+if+El^ixf +....+ EZtl^'^f'"' 

= Uq. 1* -f ai. 2*05 + + ap {p + l)*a5^ + 

Posant de meme /(a;) = y, appliquant la formule (28) en remarquant que 
yj^:=zp^x^ pour y = a', et divisant, au resultat, les deux membres par a;, on a 

(30) Kif+Klxf'+ .... +Jr;::a;~-y^~^=ai.l~+a,.2"*x+ . . . . + ap^~a;^-^+ . . .. 

On obtient encore ce dernier resultat en posant/' (x) = F, et calculant F«_i 
par la formule (23). 
Comme on a 

/'*^(a5) = Ala^ + A^+iU^+iX + + ^+i/^n+ific^ + , 

si on pose /*^(a;)= Fet que Ton calcule ensuite F« par la formule (23), cela 
donne 

(31) n+i/-^^ + Ki^ixf--^'^ +.... + ^:tix-/-+"> 

Cette formule comprend les deux pr^cedentes comme cas particuliers. 
Une remarque importante se place ici. Dans le dernier d^veloppement le 
rapport d'un terme au pr6c6dent est 6gal k 

{p+n){p + n-l)....{p + l) {p + ir _««j^ 

{p + n—l){p + n—2) p ' p"" ' On+p^i 

ou 



X 






X 

\ ■ p/\ p/ a„+p_i 
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m 

dont la limite, lorsque p croit indefiniment, est egale k la limite de 

Si done, on a choisi une valeur de x telle que 

Lim ^"-^^ x<l, 

Cln + p-l 

de fapon h rendre convergent le developpement de/(x), cette valeur de x rendra 
egalement convergent les d6veloppements (29), (30) et (31). 

Cette remarque une fois faite, nous pouvons en toute securite faire des 
applications des formules precedentes. 

20. Prenons d'abord/(x) =e*. Dans ce cas, on a, quel que soit x, 

^"■^■^T'^O''" "*"l.2....p + 

D'ailleurs toutes les derivees de e' etant 6gales k cette fonction, les formules 
(29), (30) et (31) conduisent toutes au meme resultat que voici 
(32) e'{Ki+i + Kl^iX+ .... + KZl(:\x'^) 

— i»»j-^ -1. ^^-j- ^ (jp + ir p. 

Si, remplapant, dans cette formule, e" par son developpement 6crit plus haut, on 
fait ridentification des deux membres, on tombe sur la formule (24). 
Si, dans cette meme formule, on fait x = 1 , et que Ton pose 

on a 

M. Oesarb, qui a obtenu cette formule, attribue la propri6t6 qu'elle exprime 
k savoir que la s^rie du second membre est 6gale a un multiple entier du nombre 
e, a M. Dobinski. 

21. Arretons-nous un instant aux propri6t6s des nombres L„, si intimement 
li6s aux nombres K^, . 

La formule (33) donne les identites 
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qu'on peut 6crire 

e^m — 1! •" 2! 3! ' 

im— 1 2'""^ 3»»— 1 



ei^i — 1! "•" 2! "^ 3! "•■ 

Joignons-y * ,_ j . iL . ^ . 3' 

e-i-t- J, -h 25 -f- 3j -I- 

Multiplions ces m + 1 derniferes 6galit6s respectivement par 

no rji /nfm— 1 pm 

^mi ^m» • • • • > v^m y ^m> 

et faisons en la somme en remarquant que 

GloT + Gla--^ +.... + Gl-^a + Gla' = (a + If. 

II vient, en posant, par convention Xq = 1 , 

om o»» 4_in * 

e ( (7iX^ + (7U« - 1 +.... + Gl-^L, + GIL,) = i + |^ + ^ + |j-+...., 
ou, en comparant avec la formule (33), 

(34) G^L^ + G^L^^i +.... + GZ" A + C'SA^-^m+i- 

Cette formule permet de calculer les nombres X^ par voie recurrente en partant, 
par convention, de i© = 1 • 

EUe peut s'ecrire symholiquement, 

(340 X"+^ = (Z+1)~, 

Sous cette forme, elle a 6te donnee sans demonstration par M. Cesarb.* On 
trouve pour ii, Zg, Lg, .... les valeurs 

1, 2, 5, 15, 52, 203, 877, 4140, . . . . 

Appliquant, en partant de la formule (34') les principes du calcul symbolique, 
M. Cesarb a demontr6, entre autres curieux resultats, que Ton a 

(35) e— ^=l+A^ + A^ + i3j;^ + -... 
Nous ferons remarquer que cette formule peut s'ecrire 

(35) e- = 1 + ^ log (1 + x) + ^ [log (1 + x)]» + ^-^ pog (1 + x)Y + 



• . • • 



*N(mv» Ann. de Math, 1885, p. 89, formule (5). 
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La formule (35) fait connaitre la fonction g6n6ratrice des nombres L^. On a 

22. Prenons maintenant fix) = :; . 

^ ' 1 X 

Nous avons, pour x <C 1 , 

= 1 4- a; + a^+ + x^+ . . .-. 

1 — X 

Done, si nous posons = F, nous avons, pour x<^l, par application de 

la formule (29), 

(36) if^+ (ij:g» +....+ (i_;)t+i =i"+2"x+....+j>'»x''-^+ 

et, par application de la formule (30), 

(") (T±# + (T:::^»+----+ (i_;)»+i = i'"+2''«+....+i?'"a;p-^ + .... 

Cette derni^re formule a 6t6 donn^e par M. Catalan.* L'identification des pre- 
miers membres des formules (36) et (37) donne 

Kl+,= llKi, 
GlKi+i-ll Gi.rKi+, + 21 Kl+, = i\ Gl_,Kl-2l GL^Kl -\- S\ Ki, 
d'une mani^re g6n6rale, 
(38) 53 (-1)**! Ciz\Kl\\ = Y^{-ini+ 1)! (7JL-Liirj.+M 

1 = t=0 

et en outre 

Ki+i- 1\ SI+1+ 2\ Ki^i- . . . . + {-l)'-ml KZtl = 0. 

Nous avons d6j^ trouvS cette derni^re formule ; c'est la formule (26'). 
Quant k la formtile (33), elle donne, toujours pour les valeurs de a;-< 1, 

^ ^ (1— »)"+i+ (i_x)»+» + "•" (1— «)»+'»+i 

= ^;i» + Al+i2^x+ .... + Al+i{p + l)-x'' + . . . . 

* Association frangaiae pour VAvancement des Sciences, Beims, 1880, p. 73. 
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Nous pourrions multiplier les exemples d'application des formules (29), (30) et 
(31); mais nous nous en tiendrons h ce qui pr^c^de. 
23. Oonsiderons Tequation differentielle lin6aire 

(40) Ki+,y+Kl+,{x-^a) ^ + iri+,(x + a)'-g + . . . . . 

Bile appartient h un type que Pon soit int6grer en amenant P^quation par le 
changement de variable 

k n'avoir que des coefficients constants. Mais elle pr&ente une particularit6 
digne de remarque, h savoir que Tequation alg^brique, qui r6sout P6quation 
dififerentielle lin6aire a coefficients constants k laquelle elle conduit, a toutes ses 
racines 6gales. Nous aliens mettre ce fait en evidence. Calculant les premieres 
d6riv6es de y par rapport kx bm moyen des d6riv6es par rapport a <, on trouve 

^^^""^ dx~ dt' 
far+ay^-^-3'^^4.2^ 



On est done conduit h poser 

Pour determiner les coeflBcients ^, ^, . . . . , %,^_i, faisons 

y={x+a)''. 
II vient alors 

^=_p(p_l)....(^_m + l)(x + a)''— , 

et la formule prec6dente donne, aprfes suppression du facteurp(j;+a)'' conimun 

aux deux membres, 

(^_l)Q,_2)....(2)-(m-l)) 

On d6duit de \k que X, = (— l)*/S'i,_i. 



374* 



d'Ocagne : Sur uiw Glivsse de ^Jambrea remarquahles. 



dt 



Par suite, 

(41) (^+ar^=^- si_,^ + . . . .+i-ir-'szzi^. 

Cette formule transforme l'6quation (40) en celle-ci 

+ (Ki+,-s\Ki+, + siKi+,- .... + (- 1)— »>y:=|jr:+i 



+(-i)-»^:z}^::tl) 



dt 



+ 

ou, en se r6f6rant a la formule (25), et posant ^ (c* — a) = 4>(<), 



= 4)(e*— a), 



y+Cl^+Gl 



^y 



+ + C7 



«_i *"~'y 



eP»y_ 



d' + <:?:5i^=*(0. 



(ft ' ""d^ ^^ dr-» ' " " dr 

Pour int^grer cette equation, on commencera par int6grer l'6quation privee de 
second membre. L'6quation r6solvante de celle-ci est 

1 + (71.2 + (7i!.2» + . . . . + Gl-h^-^+ Glz* = 
ou (l+z)*=0, 

ainsi que nous I'avions annonc6. 

L'int^grale g6n6rale de I'^quation priv6e de second membre sera done, 
Ci, c, ,...., c« d^signant des constantes arbitraires, 

_ ei + e^ + e^ + + "m*""* 

y_ _ . 

On en d6duirait rint6grale g6n6rale de P6quation pourvue da second membre 
^{t), en y ajoutant Tintegrale particulifere de cette dernifere, que permet de former 
la m^thode de Oauchy. 

Nous avons tenu h d6velopper sur cet exemple la m6thode classique, a cause 
de la particularity que r6vMe, dans ce cas, Papplication de cette methode, mais 
on voit tout de suite que PSquation (40) pent etre int6gr6e par des quadratures 
successives. 

En effet, nous n'oterons rien a la g6neralit6 de I'equation (40) en y faisant 
a = , et en P^crivant 
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Or si, nous comparons cette Equation k la formule (23), nous voyons qu'en repr6- 
sentant par Y Pintegrale cherchee, on a 

Par»uite, ^.r...= »(x). 



et 



dx 
D'oii, par integration ^y._^ =f^ix)dx + c„ 

I^— i=-j-/<?»(«)<^+-f-. 
De meme, de proche en proche, 

"y= ±fif. '. '. '. i/» (X) & +' ■^o°g'')-+<H('°8'')-+--H-°- , 

les signes / 6tant au nombre de m. 
Prenons comme exemple le cas oil 

On tombe ainsi sur VExercice No. 520 de Frenet.* On a alors 

r dx __ 1 

J {l—xf~' l — x' 
J_ /» dx _ 1 _ J_ 1 

xj (1— «)»" x{l—x)~~x "*" 1 — x' 

Par suite, TintSgrale g6n6rale correspondante sera 

O'est sous cette forme que Frenet Ta obtenue par la methode ordinaire. 
Nous ferons observer qu'il est plus simple de Tecrire 

— log ( 1 — a;) + Ci log a? + Cg 

X 

24. Nous allons maintenant faire eonnaitre une formule, source de nom- 
bre uses identit^s, que nous applique rons a plusieurs exemples, et qui nous 

* Recueil d'^Exercices sur le Calcid infinit^mal, 3^ Mit, pp. 244 et 815. 
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donnera, en particulier, diverses propri6t6s des nombres K^. Certaines de ces 
propri6t6s, a leur tour, nous conduiront a diverses expressions des nombres de 
Bernoulli. 

/(n) repr6sentant une fonction quelconque dii nombre entier n, posons 

/i(n) =/(l)+/(2) + ....+/(n), 

A{n) =/i(l) +/i(2) + . . . . +/i(n), 

/*+! W =/*(!) +/»(2) + . . . . +A{n). 

Un calcul de proche en proche qui n'ofifre pas la moindre diflBcult6 montre 
que 

(42) /,+i(w) = (7j+»_,/(l) + GUk^Ji^) +•.-. + Cl/{n). 

Telle est la formule que nous avons en vue. Si on sait, d'une autre mani&re, 
pour une fonction /(n) donn^e, exprimer /k+i{n), cette formule fournit une 
identity. Nous allons en donner des exemples. L'un d'eux aura trait aux 
nombres K^. 

25. Faisons d'abord 

Nous avons alors 

/i(n) =G\ +Cl +.... + Ci =GUi, 



et la formule (42) donne 

(43) GlX\+i = CS+*-i + 2CJ;+*_, + .... + nCl 

26. Faisons maintenant 

/(n) = a'-\ 



Nous avons alors 



et en faisant la somme 



(a— l)/i(«) =a»-l, 

(a-l)/i(n— l) = a"-i— 1, 

(a-l)/i(l) =a-l, 



(a — l)/,(n) = a -^-—j — n, 

d'oil (o— l)»/,(n) =o"+^— a — »(a— 1), 

(a — iy/» (n — 1) = a" — a — (n — l)(a — 1), 

(a-l)y,(l) =a»— a-(a — 1), 
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et, en faisant encore la somme 

(a-l)y3(n) = a»^-na-^^>(a-l). 

ou (a - I)'/, (n) = a»+» - a» — C\a{a - 1) - Ci+i(a - 1)». 

En continuant ainsi de proche en proche, on arrive h, la forrnule suivante 
(a- l)*+y*+i(n) =a»+'- [a* + CW~Ha- 1) 

+ C» + ,a*-»(a-ir+ . . . . + C7J;+,_i(a— 1)*]. 
La formule (42) donne done, dans ce cas, 

(44) (a- l)*+^[aj+*_i+ CS+»_,a +.... + CJa"-^ 

= a-+*-[a»+(7X-H«-l) + C'»+ia*-»(a-l)«+.... + C7S+*_i(a-l)»]. 

Pour a = 2 , cette formule devient 

(45) Ci+*_i+ 2(7*+._,+ . . . . + 2»-i(7J 

= 2»+*-[2*+2'-^Ci + 2*-»(7»+,+ .... + CS+*_J. 
Pour a = — 1 , 

(46) 2*+^[(7J+*_i-CJ + ,_,+ .... + (-l)»-iCa 

= (_ l)»-i + [1 + Ci 2 + a» +x2»+ . . . . + (7» +*_i2*] . 

27. Nous aliens maintenant, en faisant 

f{n) — nr 

rencontrer des proprieties des nombres K^. 

Reprenons les formules obtenues au No. 15, en faisant jp=:0,l,2, 3.... 
dans la formule (24) oii on remplace m par w — 1. Oes formules peuvent 
s'6crire, en multipliant les deux membres de la 1*" par 1 , ceux de la 2*"® par 
2 , ceux de la n"™® par n, 

2-=GlKi+2\ GlKl, 

3-= GlKl+2\ Glia+ 3! GlKi, 

n-=GiKi+2\ GlKl+S\ GiKl+ . . . . + n\ G^Kl. 

Faisant la somme, nous avons* 

(47) 1"+ 2-+ . . . .+n-=A{n) = l\ Gl^^Kl+2\ Gi^^Kl+.. . .+ n\ G^i^lKl. 

Continuant un calcul analogue de proche en proche on trouve 
(470 /t+i{n) = 1! G'nt\+iKl+ 2! 0'nt\+iKi-{-. ...+n\ C-tm^Si' 

*Si on avait n >m, le second membre s^arr^terait 6videmment au terme n\ C^I^^K^ • La formule 
(47) n'en est pas moins gen^rale, puisque nous avons fait la convention de prendre K^ == pour n > m • 
MSme remarque pour les formules suivantes. 

VOL. IX. 
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La formule (42) donne alors 

(48) (7S+,_,l-*+ ^i+»^,2-+ . . . . + Ginr= l! CiW^.Kl 

+ 2! CiX\^^Kl + . . . . +n! GlX\X\K-^. 

On peut, pour /(n) = r?.**, obtenir /*+i(n) d'une autre manifere. II suffit, en 
effet, tout simplement, de remplacer m — 1 par m dans les formules du No. 15, 
dont nous venons de parler. Cela donne 

3»= ^S^i.+i+ 1! (7J^„+i+ 2! (7m+i, • 

n"= C7«_iia + i+ 1! C7U^-.+i+ 2! C71_iiJl+i+ . . . . + (n-l)! C:zi^:+i; 
d'ou, par addition, 

(49) - 1"+ 2-+ ... . +n"*=/i(n)=(7iAnL+i+ 1 ! G\Kl+^+ .... 

De proche en proche, toujours par le meme proc6d6, on arrive S. 

(49') /*+:(n)= CS4:i^,+i+ 1! Cit»*J^«+x+ . . . . +(n-l)! CUtJiTl+j. 

La formule (42) donne alors 

(50) CJ;+t_il"+C7S+*_,2'»+.... + C*n- 

= GlX\Ki+,^-l\ ^St*^«+i+ . . . . + (n- 1)! C;ti^i+i- 

Enfin, une troisi&me m6thode se pr&ente pour le calcul de/^^i(n), en supposant 
toujours f{n) = n*. 

En efifet, la formule (26) donne 

= JSl^i-l! G\Kl^, + 2! G\KU, -... .+{-i)^ml GZKZXl 
{-ir = KU,-l\ GlKi^, +2! GIKU, _ . . . . +(_i)~^! GZ^^KZtl 

(- nr= Jd+i- 1 ! GU^Kl\[ + 2 ! ai'+iii^/- .' .' .'. + (- 1 j^Wl Gi^^KV:}:]. 
En additionnant ces 6galites, on a 

(51) (— 1)"[1~+ 2'* +....+ n"] = (—l)7i(n) 

= GU,Ki^,-l\ GU2^n.^i+ . . .. + {-irml GZXU.KZXl 

Faisant successivement dans cette formule n=l, 2, 3, ..•.,/*, plapant en 
outre, en tete des 6galites ainsi obtenues, la formule (26'), et additionnant, on 
trouve 

{-l)y,{n)=GU2Ki^i-ll GU,Kl^,+ . . . .+(-i)-,n! GZtU.KZtl 
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Continuant ainsi, de proche en proche, en faisaut intervenir a chaque fois la 

formule (26), on arrive finalement au resultat que voici 

(51') (-l)"/*+i(n)= C7ii:i+i^«+i-l! Ci^U,Kl+^ + . . . . 

Par suite, la formule (42) donne 

(52) Ci+*_,1-+ a*+»_,2-+ . . . . + (7171" 

= (- l)"[CSn+i^«+i- 1 ! GitU^J^n+l + . . . . 

28. Si nous faisons encore 

/(n)=27i— 1, 

nouB avons /i (n) = 1 + 3 -|- 5 + . . . . + 2n — 1 = n*. 

Done, en posant f (n) = n*, 

on a /k+i{n)=/lt{n). 

Or J /Jt(w) e'est /^(w) du No. precedent en supposant 771=2. On a done, 
d'apr^ la formule (47') ou on a remplace h par k — 1 , 

/*+i(«) =A{n) = 1 ! Cir^Kl + 2! CiX\ 

La formule (42) donne done 

(53) 0U,^,+ SC'^^,^,+ 6GU,^s+' . ^ >+{^n-l)Ci = Gil%+,^ 

Si au lieu de la formule (47') on prend (49'), en y remplapant encore k par 
k — 1 , on a pour le cas actuel 

/*+!(«)= C»+,_iiq+ 1! C7S+\_xiq+ 2! Cltl-iJQ 

= (7*+*-i+ 3(7Stl-i+ 2CSt?-i 

= (7*_^fc«i + C'«Vfc-i+ 2((7*1jl\,_i -|- C*V;k_i) • 

On retombe done sur la formule (53). 

Enfin la formule (51'), toujours apr5s remplacement de k par k — 1, et 
pour 771 = 2, donne 

/,+a(n) = CU^l - 1 ! CiXU^KI + 2! ClXU,Kl 

= 2(C7n-{-fc-|-2 C^n-f-fc-l-l) (O^ni-fc + 1 C^n + fc) 

-^^n + fc-f-l ^n + fc 

^n + fc+l I V^n-f-fc-f-1 ^n-^k) 

- /nrfc + » I rfk-j-2 

^n+fe + l I ^n + fc' 

On est ainsi encore ramene a la formule (53). 
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29. Ed adoptant la definition des nombres B^ de Bernoulli, que nous avons 
admise au No. 13, en vertu de laquelle 

5o= 1 , B^=z —- ^ B^= — -, 5e= 



6 ' * 30 ' • 42 ' ' 

on sait que B^ est le coefficient de n dans le d^veloppement de 

suivant les puissances de n. 
Or, la formule (47) donne 

2SI 61 41 

On en d6duit, en prenant le coefficient de n, 

(.A\ n _^_]\Kl 2]_^_ {m-\)\KZ 

La formule (49) donne k son tour 

;. -/n A+if^ n{n—\) n(n — l)(n — 2) 

On en deduit de meme 

^oo; ^"- 1 — 2 + 3 ~ + V— IJ m + l • 

Enfin la formule (51) donne 

' +(-l)"+'2!^.„<!^±Sfe±3fe±i)+ 

d'od Pon tire 

(56) 5«= (-l)«^i+,+(-l)-+> ^ Kl^, + (- !)-+» § KU,+. . . .4-^^:1}. 

Cette demiSre expression est moins commode pour le calcul que les deux pr6ce- 
dentes. 

On trouvera dans une Note, qui va paraitre cette ann^e au Bulletin de 
la Societe mathSmatiqiie de France, d*autres applications de la formule (42). 
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JExtraits de deux Lettres addressees a M. Craig. 

Par M. Hermite. 



SUR LA FORMULE DE FOURIBR. 

* * * ♦ Je suppose qu'on ait entre les limites a = 0, x = 2n : 

rindice m parcourant la serie des nombres entiers, , db 1 , ih 2 , etc. D6com- 
posons maintenant cette s^rie en deux autres, et soit : 

(?n= 1, 2, 3, ... .) 

P""'" • * (x) = -1 ^0 + 2^-.^-"^, 

(7n= 1, 2, 3, . . . .) 
de sorte qu'on aura : f{x) = 4> (cc) + * (a). 

Je vais 6tablir que dans le demi plan situe au dessus de I'axe des abscisses, 
c'est &, dire pour toutes les valeurs imaginaires, a; = a; + ^y oil y est une quantity 
positive differente de z6ro, on a cette expression : 

^ (') = iX'-^('") ^°* ^' ^' 

Et semblablement si I'on suppose y n6gatif : 

ce sera done I'exteusion de chacune des fonctions, dans les regions consid6r6es, 
qu'on obtient au moyen de f{x) , et en employant les seules valeurs r6elles de la 
variable qui sont comprises entre a; = et a: = 27i. 
Pour cela je fais usage des relations suivantes : 



r 



e"** cot ^— ^ dx = 4f7te"*', 

^* X — z 



cot —rr—dx = 2i7t, 
2 

/*^' X - z 
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qui ont lieu pour m positif, la variable z representant un point dont Tordonnee 

est positive. Elles font voir que dans Tintegrale / f{x) cot — ^ dx^ les termes 

afifectes des coefficients A^ oil Pindice est negatif, disparaissent, et nous en con- 
cluons biim6diatement ^expression annonc6e : 

On a ensuite, dans la region inferieure du plan, m 6tant toujours un entier 
positif: jf;-^cot^'cfo=0, 

/ cot — — dx = — 2i7t, 

J^ e""**** cot ^^^ dx = — iiTtd" "^^^ 
et ces relations nous donnent : 

A la formule de Fourier : 

f{x) = 2il«6-^, 
je joint ainsi la fonction uniforme dans tout le plan : 

qui a Taxe des abscisses pour coupure, de sorte qu'en designant par N et N' deux 
points infiniment voisins, I'un au dessus I'autre au dessous de Taxe, on a la rela- 
tion: ^{N)—^{N')=f{x). 

Je remarquerai encore que la consideration de cette coupure donne immediate- 
ment les int6grales d^finies qui viennent d'etre employees. Qu'on pose en effet : 

J=r e*" cot ^-^ dx , 

t/o 2 

^'""^ • Je-~- =jf ><--'> cot ^ d^ , 

on trouve d'abord : D, (Je"****) = . 

Soit done Je"'"^*= (7, I'expression de cette constante par Tint^grale montre 

qu'elle s'evanouit pour z infiniment grand et au dessous de I'axe des abscisses; on 

a par consequent (7=0 dans le demi plan au dessous de cet axe. Franchissons 

la coupure, I'integrale en passant du point N' au point N Paugmente de 4in, et 

dans le demi plan au dessus de la coupure, on obtient 

Jc"""^= 4in, 
d'ou: /= 4i7te'^. 

Mais j'ai suppose Pentier m positif et difi'erent de z6ro; on trouve quand il est 
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nul, cot ~ = — in J ou + in, pour une valeur infinie de z, au dessous puis 

au dessus de Paxe des abscisses, et Ton en conclut alors, /= — 2i7t, /= + 2i7i 
pour chaucun des derni plans. Le cas de m negatif, se traiterait le meme. 

Additions. 

En donnant communication a M. Lipschitz des resultats qui precedent, j'ai 
6t6 inform^ qu'ils se trouvaient 6tablis par une autre voie, dans son ouvrage 
Lehrbuch der Analysis, T. II, p. 724. La note suivante expose la methode suivie 
par rillustre g^ometre. 

Soit f{x + iy) une fonction uniforme et continue pour toutes les valeurs 
x-^-iy, oii a* + if< 1 , et qui prend pour a; + iy = une valeur reelle, en outre 
soit d^signe par g{x'\- iy) la fonction, qui est conjug6e a/(x + iy). Alors pour 
chaque valeur a; + i// &. I'int^rieur du cercle as* -+- y*<C 1 , on a I'expression 

/(^ + i3>)=^£(/(^)+g(^-))( i_,-4+iy) -4)<fa- 

En remplapant la variable complexe a; + iy.^^v la fonction exponentielle c**, la 
variable nouvelle o doit avoir une partie imaginaire positive, et I'equation pro- 
posee prend la forme suivante : 

La demonstration est ramenee au theorfeme de Cauchy a Paide de la remarque 
que le second facteur, qui se trouve sous le signe integral, pent etre 6crit 

soit U4^ -'-^\ 

t \e*' — e*" 2 c*" / 

on 1 r d{e-'') 1 d{e-^) \ 

Cela 6tant I'int^grale propos6e se trouve 6gale ^ la somme des deux integrales 

.f 1 r (-i^\r die-'') 1 <?(e-*«K 

En appliquant le th^orfeme de Cauchy on voit facilement, que la premiere int6- 

grale prend la valeur /(«*") o"/(^)» ^* seconde int6grale la valeur — gf (O) . A 

cause de la supposition, que /(O) doit etre une quantity r6elle, la diff'^rence 
Q-/(0) + -s" fif (0) s'^vanouit. Partant, la somme des deux integrates s'6gale h. 
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la valeur/(e*~), ce qu'il fallait prouver. Si Ton fait usage de P^quation 

1_6*— «- 2 2t ^°^^^ 2 )' 
le r^sultat en question passe dans la forme suivante : 

SUR UNE FORMULE DE GaUSS. 

Dans le m6moire intitule : De nexu inter multitudinem classium, etc. (CEuvres 
de Gkuss, T. II, p. 269), on trouve I'expression suivante du nombre des valeurs 
entiSres de a; et y qui satisfont a la condition : a^ + y* = -4. . 

Soit T rentier contenu dans ^/A^ et q Rentier contenu dans >V— J.; dSsig- 



nons aussi par r^^+^\ r^^+*\ .... les entiers les plus voisins de ^ A — (g + 1)', 
^/ A — {q+ 2)^ . . . . , jusqu'^ ^/ A — r*; le nombre cherch6 est : 

45* + 1 + 4r + 8 [r^«+^> + r<«+»> + .... + r^"^] . 
Pour d6montrer cette formule je remarquerai d'abord qu'on obtient facile- 
ment le nombre des points dont les coordonn6es sont des nombres entiers et qui 
sont ^ I'int^rieur d'un rectangle ayant ses cotes parallfeles aux axes et son centre 
^ Porigine. Nommons la base et la hauteur 2a et 26, soit ensuite p ei q les 
entiers contenus dans a et 6, le produit (2/? + l)(25 + l) sera le nombre du 
points consideres qui sont ^ Pint^rieur et sur le contour du rectangle. 




Cela pos6, inscrivons un carr6 dans le cercle a^ + y* = J., on aura 



OA = AB = sJ\^, 



et si Ton designe par q Pentier contenu dans \/ — J. , le nombre des points qui 
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sont dans le carr6 et sur son contour, sera (23^ + !)*• H faut maintenant y 
joindre ceux qui se trouvent dans les quatre segments 6gaux ^ BMJff] et dont 
voici r6num6ration. 

Sur jOf nous avons en premier lieu les points dont les abscisses sont: q+l, 
q + 2j . . . . Tj r d^signant comme plus haut Tentier contenu dans \^A; leur 
nombre est par consequent, r — q. 

A ces diverses abscisses correspondent les ordonn6es : 

VA — {q + If, VA — {q+ 2)», VA — 7^, 

et en employant la notation de Qtt,uss, nous avons sur la premiere Un nombre de 
points 6gal h r^«+^>, sur la seconde k r^^+^\ etc.; done dans le segment BMB\ un 
nombre 6gal d. : 

Quadruplons cette valeur et ajoutons & celle que nous avons obtenue pour le 
carr6 inscrit, on trouve la quantity 

(2^ + 1)* + 4 (r — ^) + 8 [r<^+^^ + r^^+»^ + + r^'^] , 

qui se r^duit & Texpression de Qtt,uss : 

4^ + 1 -f 4r + 8 [r<«+^> + r<^+»> + + r<"^]. 

D'une manifere toute semblable s'obtient le nombre des points contenus ^ rint6- 
rieur et sur le contour de Tellipse : 

: Ay^ + Bs? = N. 
Soit h, cet eflfet, en d6signant par E (x) Pentier contenu dans x : 

nous avons cette formule dont celle de Gauss est un cas particulier : 

4a/3+l + 2(a + 6)+ 2(x.+i + «;.+,+ ....+ a:J 

+ ^{yfi+i+yp+%+ — + yb)' 

Sub l'Expression du Sinus par un Produit de Factburs primaires. 



La formule suivante qui a 6t6 donn^e pour la premiere fois par M. Weier- 

in cc = an [A — -^V^] (w = =b 1 , =b 2, ), 



strass: . _ t-t r/. ^ 

sm 
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conduit facilement a une expression semblable pour cos x , au moyen de Tequa- 

tion sin 2x 

cos X = ^r-. — . 
2 8m 2; 

Soit en eflfet, m = itl, ±3, ±5, etc., nous pouvons 6crire : 

sinx = xn[(l-2^)e»^']n[(l-^)e^]; 

tons les facteurs de sin x se trouveront ainsi mis en Evidence dans sin 2x, on en 
conclut: ^^^ —rrf/^i 2a?\^-i 

cosx = n I ( 1 J^^J* 

Mais on pourrait desirer parvenir a cette expression, en partant de la relation 
cos X = sin T— + a;J, c'est ce que je vais faire au moyen d'une remarque sur la 
formule g6nerale : ^^^^^ = u[(l — —) e^-('>1 , 

oil les polynomes P^ (x) sont de degr^s quelconques. 
Changeons x en a; + ^ , et employ ons Tidentitfe : 

i_i±i = ^__LYi ?_V 

On \ O^A fl» — f/' 

on aura d'abord : 

divisons ensuite membre a membre avec r6galit6 : 

^(^ = n[(i-^)e-«>] 

et nous obtiendrons la formule 

D'une mani^re semblable, et en partant de la relation : 

i^(x) = »n[(i--|-) «'••<'>], 

on trouverait: 

^^(. + |)n[(.-^)e— •»]. 

Mais ce r^sultat appliqu6 h sinx, en supposant ^ = — - , donne Texpression 
suivante : 

(n = db 1, ±2, etc.) 
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qui ne coincide pas avec la formule obtenue tout-SrPheure : 

cos x = n r^l j e^'X . 

On remarque toutefois qu'en posant m = 2n — 1, les facteurs exponentiels 

-* 1* 
guir et e~», tendent vers la meme limite, lorsque le nombre entier n augmente, 

mais la diflF6rence entre les deux r^sultats doit etre expliqu6e ; voici une consid- 
eration qui ISvera toute difBculte ! 

Reprenons V6quation dont se tire Texpression de sinus par tin produit de 
facteurs primaires : 

cot sc = h 7 r 1 1 ; 

(n = ±:l, =1=2, .•..), 
et d'oii on conclut en changeant a; en .r + ^: 

cot(x + = -k + y^T-xT — + — 1- 

Retranchons membre a membre avec T^galite: 

.=i_+y;[^-+-]. 

a JL^ La — mt nn A 
ou a d6signe une constante arbitraire, on aura ainsi : 

cot (a + ^) — cot a = — r-x h / \ —r-^ 1 » 

et plus simplement : 

cot (a; + i^) — cot a = 7 f — r-^ 1 , 

en supposant maintenant n = 0, =h 1 , d= 2, etc. 
De la se tire si nous int6grons depuis a: = : 

8inMJ)_^eota = y;[log(l ^) + _^]. 

et par consequent : 

sjn^ii) ^ ^cot „n rr 1 - _^) eS^al . 
'smf L\ nrt — f/ J 

La quantity a dans cette formule est quelconque, on pent meme la prende 
6gale k zero. Qu'on mette k part en eflfet le facteur correspondant si n = qui 

est seul k consid6rer dans ce cas f 1 + -rj^^^i on observera que pour a = la 



cot 
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diflference cot a s'^vanouit, de sorte qu'on obtient alors : 

Ce resultat conduit en supposant j^ = -^ , S, Fexpression conBid6r6e plus haut : 



cosx=(i--)n[(i-^^^^-^^^]. 



Je change ensuite § en ^ -|- -— et a en a + -^ , on trouve ainsi en posant 

TW = 2n — 1: 

— ^ T ^ = e"""'^°n ( 1 s)^^""* 

cose L\ mTT — c/ J 

(m = =bl, ±3, =t:5, ....), 
d'oii pour ^ = et a = : 

cosa; = n r^l V'*']' 

On voit done que les deux expressions diflF6rentes que nous avions remontr^es 
s'accordent, puisqu'elles ne sont que des cas particuliers d'une formule plus 
gen^rale. 



Two Proofs of Cauchy^s Theorem. 

By F. Frankun. 



The following proofs of Cauchy's theorem that / wdz has the same value 

for any two paths joining the points 1 and 2, provided that ti? is a uniform and 
continuous function of 2 (= a; + t) throughout the area included between those 
paths, are very simple; and I think they have the merit of more pointedly 
turning on the fundamental property that dw/dz is independent, of the direc- 
tion of dz than do the proofs usually given. 

1**. Let the integral be taken along a certain path, and let the path be 
slightly deformed ; denote the eflfect of this deformation by 8 ; then 

8 I wdz =15 {wdz) =:^ I Sw.dz+ I w.S {dz) = j Sw.dz+ j lod {Sz) 
= [i«?52;]i -|- / {Sw.dz — Sz.dw) 

= / {Sw.dz — 8z.d/w),. 

since ^2 is zero at the points 1 and 2. All this is true whether whe a, function 
of z or merely a function of x and y. But if w is a function of 2, uniform and 
continuous in the region in question, 8w/8z=^dw/dZf or Sw.dz — 8z.dw=zO; 
hence the deformation does not aflfect the integral. This proves the theorem. 

2°. Consider an infinitesimal contour, c , containing the point Zq . At the 
point Zq let w = Wq, and put 2 = 2o + ^,i^ = i/?o + ^' Then 

/ lodz =^ I {w^ + Gi) d^ = WQ I d^ + I od^ 
since j d^ is obviously 0. Now, if w is a function of z (uniform and continuous 
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in the region considered), q/^ is constant, = A bslj, around the contour by the 
fundamental property already referred to ; hence 

Thus the integral taken around an infinitesimal contour vanishes. Hence, by 
addition, the integral taken around any contour vanishes, and the theorem is 
proved. 

Strictly speaking, what was proved about / lodz is not that it is absolutely 

, but that it is an infinitesimal of a higher order than the second ; but this is of 
course suflScient for the purpose. 

It may be added that neither of these proofs depends on the fact that 
z = sc + *y ; th^y are equally applicable if z is any function of x and y , and w a 
ftmction of z] z and w being supposed uniform and continuous in the region 
concerned. 

BjlLtdcobb, Feb. 19, 18S7. 



AMERICAN 



Journal of Mathematics. 



SIMON NBWCOMB, Editor. 
THOMAS CRAIG, Associate Editor. 



Published under the Auspices of the 

JOHNS HOPKINS UNIVERSITY. 



npaffidriov iXvgyo^ ou (iXsKOfiivwv. 



Volume IX. Number i. 



Baltimore : Publication Agency of the Johns Hopkins University, 



AGENTS ; 



B. Wkstbrmann & Co., JVaw York. 

D. Van No strand, New York, 

E. Steiger & Co., New York, 
Janskn, McClurg & Co., Chicago, 
CusHiNGS & Bailey, Baltimore, 
CuppLES, Upham & Co., Boston, 



October i 886 



TrObner & Co., London, 
'A. Hermann, /'an'/. 
Gauthiek-Villars, Paris, 
Mayer & MOller, Berlin, 
Ulrico Hoepli, Milan, 
Kari. J. TrObner, Strasshurg, 




' 4 



PUBLICATIONS OF THE JOHNS HOPKINS UNIVERSITY, 

I. AMERICAN JOURNAL OF iMATHEMATICS. 

Simon Newcomk, Editor, ami Thomas Chaio, Associatt* Editor. Quarterly. 4to. Volume 
IX in progress. $5 per voluine. 

II. AMERICAN CHEMICAL JOURNAL. 

I. KeMSEy, Kditor. Hi-moutlily. 8vo. Volume VIII in progress. $8 \)er volume. 

III. AMERICAN JOURNAL OF PHILOLOGY. 

B. L. (iiLDEKSLEEVE, Kditor. Quarterly. 8vo. Volume VII in progress. $3 per volume. 

IV. STUDIES FROM THE BIOLOGICAL LABORATORY. 

Including the Oliesaiwako Zwlogical Laboratory. H. N. Martin, Editor, and W. K. Brooks. 
Associate Editor. 8vo. Volume III in progress. $5 per volume. 

V. STUDIES IN HISTORICAL AND POLITICAL SCIENCE. 

H. B. .\i>AMS, Editor. Monthly. 8vo. Volume IV in progress. $3 per volume. 

VI. JOHNS HOPKINS UNIVERSITY CIRCULARS. 

(.'ont4iiniiig reports of scientiflc and literary work in progress in Baltimore. 4 to. Vol. I, $5 ; 
Vol. JI, $3; Vol. Ill, $2 ; Vol. IV, $1.50; Vol. V in progress. $1 per year. 

VII. ANNUAL REPORT. 

Presented by tlie President to the Board of Trustees, reviewing the operations of the Univer- 
sity during the past academic year. 

VIII. ANNUAL REGISTER. 

Giving the list of officers and students, and stating the regulations, etc., of the University. 
Pvilit^heif at thn rjose of the ncademic year. 

Tlie Unicersiiy Cimilars, Annual Rcpoii, and Annual Register will be sent by mail for one 
dollar per annum. 

Communications in respect to exchanges and remittances may be sent to the Johns Hopkins 
ITjiiversity (Publication Agency), Baltimore, Maryhmd. 



AMERICAN JOURNAL OF SCIENCE. 

Fmnuled hy rrofetwor SILLIMAN in ISIS. 

DevotCMi to Chemistry, Physics, Geolo|?y, Physical Geognipliy, Mineralogy, Natural History. Astronoray, 

and Meteorology, and giving the Latest Discoverius in these Deimrtmentii. 

tklifors: JAMKS I). DANA, KDV^^MID S. DAXA, and B. SILLIMAX. 

AHHociate Kdltors: Pkofk.ssoks ASA GRAY, J. P. COOKK and JOIIN^ TROWBRIDGE, of Castdridoe ; 
11. A. NKWTON, A, E. VEIiUILL. of Yale; and G. F. BARKER, of the Umversity of Pksn- 
sYLVAXiA. Philadelphia. 

Two Vohunr.s of 4S0 imffen lach, publinhed annnully in MoNTHiiY Ni;MnERS. 2^=" SuliscTiption price S0,O0 
\\ny!=Xi\^iy prepjiid by Publislioi-s!) ; .>0 cents a mnnlier. A few complete sets on sale of the First and Second Series. 

AdiUeHH the ProprietorH, JAMES D. &. E. S. DANA, New Haven, Ct. 



MAYKR cSc MTJtxI^KH, l*ul)lishcMs, liei-lin. 



ZfitHohrift hornuHffeKehcii von 



Joiinifil iv«llg«' par 



(;. MITTAG-LEFFLER. 



4to. Vol. IX in progress. $3 per Volume. 



CtmtenfR of Recvtit Volumes, 



Band VL 



Du Bois-Reymond, p., fiber dun Begriff der Lunge 

einer Curve. 
KowALEVSKi« SoPHiK« fiber die Brechung des Lichtes iu 

cristallinischen Mitteln. 
MOLK. J., sur une notion qui conipreud celle de la divisi- 

bilite et sur la theorie generale de relimiuation. 
RUNGE, C, zur Theorie der eindeutigeu analytischen 

f\inctioneu. 
RUNQE, C, zur Theorie der analytischen Functionen. 
RUXGB, C, Eutwicklung der Wurzelu einer alge- 

braischen <ileichuug in Summen von rationalen 

Functionen der CoeHicienten. 
Stern, M. A., eiue Benierkung iiber Divisorensunimen. 
Stieltjes. T. J., iin theoreine d*algobre. 
Stieltjes, T. J., sur certains polynOmes c[ui verifient 

une equation diiterentielle liueaire du second ordre 

et sur la theorie des fonctions de Lame. 
Webek, H., zur Theorie der elliptischeu Functionen. 
Weieustkass. K.. sur la theorie des fonctions ellip- 

tiques. Traduit de rallomand piir A. Pautounier. 

Band VI L 

Cantor, G.. fiber verschiedeue Theoreme aus der Theo- 
rie der Punctmengen iu einem n-fach ausgedehnten 
, stetigeu Kaume G,. Zweite Mittheilung. 

Falk, M., Beweis oines Satzes aus der Theorie der 
elliptischen Functionen. 

Gtld^n. H., die intermediare Balin des Mondes. 

Krey, H., fiber Systeme von Plancurven. 

LiPSCHiTZ, R., deduction arithmetiquo d'uue relation 
due u Jacobi. 

Minkowski. H., Untersuchungen fiber quadrat ische 
Formen. 1. Bestinimung der Anzahl verschie- 
dener Formen. welche ein gegebenes Genus enthait. 

Netto, E., zur Theorie der Elimination. 

Phraom^n. E.. sur un theoreme concernant les fonc- 
tions ellipti(|ues. 

Phragm^n E., fiber die Begrenzungen von Coniinua. 

PiNCHERiiE. S., note sur une integrale definie. 

PoiNCARE. IL, sur un theoreme de M. Fuchs. 

PoiNCARfi, H.. sur Tequilibre d'uue masse fluide animee 
d'un mouvement de rotiition. 



RuNGE. C, fiber die auflosbaren (Jleichungen von der 
Form X-' -+- ux -|- r =: . 

RrNGE, C, fiber die Darst4>llung willkfirlicher Func- 
tionen. 



OB 



m (Lc d.c ^^j verwaudte Inte- 



siu b.i' 1-|-X' 



SCHLAFLI, L., fiber / ; 

./ SI 

( 
grale. 

Bimd VIIL 

Appell. p., sur quelques applications de la fonction Z 

( X. y, z ) u la Physique mathemati(iue. 
Bkrtrand. J., sur les unites electriques. 
Casorati. F., les fonctions d'uue seule variable a un 

nombre quelcon(]ue de iieriodes. ( Premier 

memoire.) 
Cas<^rati, F.. les lieux fondamentaux des fonctions 

inverses des integrales Abelieunes et en jiarticulier 

des fcmctious inverses des integrales elliptiiiues de 

2»"»* et 3""' espece. ( Deuxieme memoire.) 
Hill. G. W..on the part of the motion of the lunar 

perigee which is a fuucticm of the mean motions of 

the sun and moon. 
Hol-st. E., beweis des Satzes. dass eine jede alge- 

braische Gleichung eine Wurzel hat. 
Mellin. Hj.. zur Theorie der Gamma function. 
Noetheu, M.. fiber die reductibleu algebraischen 

Curven. 
PoiNCARE. IL. sur les integrales irreguli^res des e<iua- 

ticms liueaires. 
Schubert, IL, Anzahl-Bestimmungen ffir lineare 

Raume beliebiger Dimension. 
Staude, C. fiber hyi)erellipti8chelntegralezweiteruud 

dritter Gattung. 
Stexbero. E. a., eiuige Eigenschaften der linearen 

und homogenen DilTerentialgleichungen. 
Stern, M. A., sur un theoreme de M. Hermite relatif A 

la fonction f] ( .«• ). 
Weber. H.. Theorie der Abel-schen Zahlkorpor. 

L AbePsche Koriier und Kreiskor]>er. 

II. Ul>er die Anzahl der Idealclassen 
und die Einheiten in den Kreiskorpern, 
dereii Ordnung eine Potenz von 2 ist. 

III. Der Kroneckersche Satz. 



n riiT. T( )'r ii v^a'j\ :\r a t i i i : ma tic a 



hi'r.ni»j:oK«^b»«n von 



n'ln^li'C jmr 



(JUSTAF ENESTR(')M. 

Quarterly. 4to. V'c»l. Ill in progn;s.s. 50 cents for subscribers. ."-^LOO for non-subscrilK»rs to the 

A("rA MATHE.ALVTICA. 



BIBLIOTIIECA MATHEMATICA is the «inly Bibliography which givi-s th<? titles of all mathematical books, 
pamphlets. extrac:ts. published in any language. 



CONTENTS. 



Pagb 
Ijectures on the Theory of Reciprocants. XI-XVI. By J. J. Sylvesteb, . . 1 

A New Method in Analytic Geometry. By William E. Story, . . . .38 

Klein's Ikosaeder. Bv F. N. Cole, 45 

Wave Motion in Hydrodynamics. By A. G. Grkenhill, 62 



GIOENALB DI MATBMATIOHE 

AD USO DBQLI STDDBNTI DBLLB UNIVERSITA ITALIANB 

PUBBLICATO PER CURA DI G. BATTAGLINI 

Professore nella K. Unlversltik di Roma. 

Questa intoressante pubblicazione conta ormai dit'ciotto anni (1863-1880). Redatta dal ckiarissimo prof . 
Battaglini, oolla oollaborazione di distinti roateinatici italiani, d divenuta un reportorio utilissixno pci profesBori, 
per gli studenti univcrsitarii, noiichd pel cultori* delle scienze matematiche, e di graudc utilita nelle pubbliche 
Biblioteohe. 

La sua pubblicazione prosegue regolarmente a fascicoli bimestrali di pag. 64 in 4° impresse su carta rasata e 
con buoni caratteri. 

Abbonamento per un anno anticipato, per Napoli, L. 12,00 

*» " •• •* tuttal'Italia, 14,00 

*' gli Stati dclla Lega fiostale 18,00 

La Collezione, 33 volumi, 1863 a 1885 220,00 

Uii*annata preaa soparatamente, 12,00 

Naples (Italie). B. PELLERAN0» editeur. 






t 



The subscription price of the Journal is $5.00 a volume; single numbers $1.50. 

Subscriptions from countries included in the Postal Union may be sent by international 
money order, made payable to Nicholas Mw^ray. Drafts, checks, and domestic postal money 
orders should be made payable to American Journal of Mathematics. 

N. B. — Persons wishing to dispose of complete sets of Vol. I will please communicate 
with the Editor. 

It is requested that all scientific communications be addressed to the EnrroB of the 
American Jounml of Mathematics, and all business or financial conmiunications to the 
Publication Agency, Johns Hopkins University, Baltimore, Md., U. S. A. 



Pui'^is OK Isaac Friki>f.swald. Haltimork. 



AMERICAN 



Journal of Mathematics 



I- 



SIMON NEWCOMB, Editor. 
THOMAS CRAIG, Associate Editor. 



Published under the Auspices of the 

JOHNS HOPKINS UNIVERSITY. 



flpaYfidrcjv iXty^o^ oif ^hTro/iii/wi/. 



Volume IX. Number 2. 



Baltimore : Publication Agency of the Johns Hopkins University. 



AGENTS 



B. Westermann & Co. AVtr Vori'. 

D. Van No strand, JVew York. 

E. Steiger & Co., New York, 

J AN SEN, McClurg & Co., Chicago, 
CusHiNGS & Bailey, Baltimore. 
CuppLES, Upham & Co., Boston. 



TrCbner & Co., London. 
A. Hermann, Paris. 
Gauthier-Villars, Paris, 
Mayer & MCller, Berlin, 
Ulrico Hoepli, Milan, 
Karl J. TrObner, Strassburg, 



January 1887. 



PUBLICATIONS OF THE JOHNS HOPKINS UNIVEBSITY, 

BALTTlVfORE. 

I. AMERICAN JOURNAL OF MATHEMATICS. 

Simon Newcomb, Editor, and Thomas CRAia, Associate* Editor. Quarterly. 4to. Volume 
IX in progress. $5 j)cr volume. 

II. AMERICAN CHEMICAL JOURNAL. 

I. Remsen, Editor. Bi-montlily. 8vo. Volume VIII in progress. $3 per volume. 

III. AMERICAN JOURNAL OF PHILOLOGY. 

B. L. GiLDBRSLEEVE, Editor. Quarterly. Svo. Volume VII in progress. $3 per volume. 

IV. STUDIES FROM THE BIOLOGICAL LABORATORY. 

Including the Cliesupeiike Zoological Laboratory. H. N. Martin", Editor, and W. K. Brooks, 
Associate Editor. Svo. Volume III in progress. $5 j)er volume. 

V. STUDIES IN HISTORICAL AND POLITICAL SCIENCE. 

H. B. Adams, Editor. Monthly. Svo. Volume V in progress. $3 \^t volume. 

VL JOHNS HOPKINS UNIVERSITY CIRCULARS. 

Containing reiwrts of scientific and literary work in progroi?3 in Baltimoi*e. 4to. Vol. VI in 
l)rogress. $1 jier year. 

VII. ANNUAL REPORT. 

Presented by the President to the Board of Trustc^es, reviewing the operations of the Univer- 
sity during the past academic year. 

VIIL ANNUAL REGISTER. 

Giving the list of officers and studi'uts, and stating the regulations, etc., of the University. 
PuhUahed at the dose of the acadcmu: year. 

The University Cirailars. Annual Eejyort, and Annual Register will l>e sent by mail for one 
dollar per annum. 

Communications in resiwct to exchanges and remittances may be sent to the Johns Hopkins 
University (Publication Agency), Baltimore, Maryland. 



AMERICAISl JOURNAL OF SCIENCE. 

Fo9inile€l }yy rrofessor SILLIMAN in 1818. 

Devoted to Chemistry, Physics, Geology. Physical Geography, Mineralogy, Natural History, Astronoray. 

and Meteorology, and giving tlie Latest Discoveries in these Dei>artment8. 

Editors: JAMKS D. DANA, EDWARD S. DANA, and B. SILLIMAN. 

Asmciate Editors: Professors ASA GRAY, J. P. COOKK and JOHN TROWBRIDGE, of Cambridge: 

U. A. NEWTON. A. E. VERRILL, of Yale; and G. F. BARKER, of the University of Pknk- 

SYLVANIA, Philadelphia. 

Ttco Volumes of 480 jmye.'i each, published annually in Monthly Numbers. 2)^" Subscription price 90,00 
(l)Ostagc prepaid by Publishers) ; .lO cents a numljer. A few coinj)lete sets on sale of the First and Second Scries. 

Address the PropHetors, JAMES D. 6l E. S. DANA, New Haven, Ct. 



MAYER & MULLER, Publishers!, Berlin. 



-^CT-^ 



.^TIEZS n^v^-^XX C .i^ 



ZeitAchrlft herauHgegobeu vou 



Juurual rCHllg£ par 



G. MITTAG-LEFFLER. 



4to. Vol. X in progreRs. §3 per Volume. 



Contents of Recent Volumes. 



Band VIIL 



Appell, p.. 8ur quehiucs applications de la fonction Z 
[x^y^ z) d la Physique niath^matique. 

Bertrand, J., Sur les unites electriques. 

Casorati, F., Les fonctions d'une seule variable d un 
nonibre quelcou(iuo de ]>6riode8. ( Premier 
memoire.) 

Casorati. F.. Les licux fondamentaux des fonctions 
inverses des iutegrales Abeliennes et en |)articulier 
des fonctions inverses des integrales elliptiques de 
2"»c et 8i"« esp^e. ( Deuxi^me in6moire. ) 

Hill, G. W., On the part of the motion of the lunar 
perigee which is a function of the mean motions of 
the sun and moon. 

HOLST, E., Beweis des Satzes, dass eine jede alge- 
braische Gleichung eine Wurzel hat. 

Mellin, Hj., Zur Theorie der Gammaf unction. 

NOETHER. M., tJber die roductiblen algebraischen 
Curven. 

Poincar6, H., Sur les integrales irregulidres des equa- 
tions lin^aires. 

Schubert, H., Anzahl-Bestimmungen fur lineare 
Raume beliebiger Dimension. 

Staude, O., Cber hyperelliptische Integrale zweiter und 
dritt^ir Gattung. 

Stenbero. E. a., Einige Eigenschaften der linearen 
und homogenen Differentialgleichungen. 

Stern, M. A., Sur un th^ordme de M. Hermite relatif d 
la fonction E (it*)* 

Weber. H.. Theorie der Abel'schen 2^hlk6rper. 

I. Abel'sche Korper und KreiskSrper. 
II. Cber die Anzahl der Idealclassen 
und die Einheiten in den Kreiskdrpern, 
deren Ordnung eine Potenz von 2 ist. 
in. Der Kroneckersche Satz. 



Band IX. 

Bendixson. L, Sur une extension d Tinfini de la formule 
d'inter2X>]ation de Gauss. 

Beroer, a., D6duction de quel<iues formules sma- 
lytiques d'un th6or^ine 61^mentaire de la theorie 
des nombres. 

DoBiUNKR, H. . Die Flaclien constanter Krfimmung mit 
einem System sphtirischer KrCunmungsllnien dar- 
gestellt mit Hil.fe von Theta-functionen zweier 
Variabeln. 

GYLDfcx, H., Untersuchungen fiber dieConvergenz der 
Reihen, welche zur Darstellung der Coord inaten 
der Planeten angewendet werden. 

Hacks, J., Einige Satze fiber Summen von Divisoren. 

Lindstedt, a., t^ber ein Theorem des Herrn Tisserand 
aus der Storungstheorio. 

L(JRIA. G.. Sur une demonstration du theoreme fonda- 
mental de la theorie des equations alg^britpies. 

Markoff, a., Sur une (question de maximum et de 
minimum pro|)osee par M. TchebychelT. 

Mellin, Hj., Ober einen Zusammenhang zwischen 
gewissen linearen DilTerontial- und Differenzen- 
gleichungen. 

Netto, E., VJber orthogonale Substitutionen. 

PoiNCARf:, H.. Sur les residus des integrales doubles. 

Stieltjbs, T. J., Note sur un developpemeut de Tinte- 

a 



grale fi 



chU. 




Stieltjes, T. J., Sur les racines de Tefjuation X, =0. 

TcHEBYCHEFF, P., Sur la representation des valeurs 
limites des integrates par des residus integraux. 
Traduit du russe i)ar Sofihie Kowalevski. 

TcBEBYCiiEFF, P., Sur les sommes comiX>sees des coeffi- 
cients des series i\ termes positifs. 

Weber, H., Theorie der AbeKschen Zahlkdrper. IV. 
tJber die Bildung Aberscher Korper mit gegebeuer 
Gruppe. 

Zelij^r, Cil, Kalender-Formeln. 



RlBT.TOTIIEC\A M^TtIP:MA.TIC-A. 



InTausKi'Keben von 



rtdlg^e par 



CR\STAF ENESTROM. 
Quarterly. fSvo. Vol. IV hi progress. I. U^S-l [price 60 cents]. 11. 1885 [price 60 cents]. IIL 1886 [price 81.00]. 



With the year 1887 commences a new series of this Journal, which will be devoted exclusively to the history 
of IVIatheniiitics. It will appear in four numbers a year. Tlie subscription price is .^1.00. 



CONTENTS. 



Paqb 

Wave Motion in Hydrodynamics. (Continued from last No.) By A. G. Greenhill, 97 

Lectures on the Theory of Reciprocants. XVII-XXIV. By J. J. Syi.vester, . 113 

A Memoir in the Theory of Numbers. By Arthur S. Hathaway, . . . 162 

A Theorem resjK?cting the Singularities of Curves of Multiple Curvature. By Henry 

B. Fine, 180 

A Note on Pencils of Conies. Bv Henry Dallas Thomi^on, .... 1S5 

Observations on the (Jt^nerating Functions of the Theory of Invariants. By P. A. 

MacMahon, 18» 



GIOENALE DI MATEMATICHE 

AD USO DEGLI STUDENTI DELLE UNIVEKSITA ITALIANB 

PUBBLICATO PER CURA DI G. BATTAGLINI 

Profossore nulla K. Universlta di Uoma. 

Questa iutcressante pubblicaziom* conta orniai dieciotto aniii (18G:U1880). Reiiatta dal cliiarissimo prof. 
Battaglitii, colla collaborazionc di distinti mateiiiatici italiani, d divenuta un reiiortorio utilissimo {lei professori, 
per gli studenti universitarii. nonchd i>ei cultori dello scienzo matomatiche, e di grande utilitii nelle pubbliche 
Biblioteclie. 

La sua pubblicazioue prosegue regolarmentc a fascicoli bimcstrali di |»ag. 04 in A° iiiipn^sse su carta rasatA e- 
con baoni caratteri. 

Abbonainento per un anno anticipate, per Napoli, L. 12,00 

•• tuttji r Italia, 14,00 

** gli Stati dolla Lega iKWtAlc, .... 18.00 

La CuUezione, 23 volumi, 18G3 a 1885 220,00 

Un'annata presa i^cparatamente, 12,00 

Naples (Italie). B. PELLERANO, editeur. 



The subscription price of the Journal is §5.00 a volume; single numbers $1.50. 

Subscriptions from countries included in the Postal Union may be sent by international 
money order, made payable to Nicholtis Murray, Drafts, checks, and domestic postal money 
orders should be made payable to American Journal of Mathimatica, 

N. B. — Persons wishing to dispose of complete sets of Vol. I will please communicate 
with the Editor. 

It is requested that all scientific communications be addressed to the Editor of the 
American Journal of Mathematics, and all business or financial communications to the- 
Publication Agency, Johns Hopkins University, l>a]timore, Md., U. S. A. 



Piiixs Kiv Isaac Fkifdenwalp. Haltimoui". 



AMERICAN 



Journal of Mathematics 



SIMON NEWCOMB, Editor. 
THOMAS CRAIG, Associate Editor. 



Published under the Auspices of the 

JOHNS HOPKINS UNIVERSITY. 



Ilpayiidziovf l/£;'jf«c <''i yJ/sro/iffwoi/. 



Volume IX. Numhkr t,. 



Baltimore : Publication Agency of the Johns Hopkins University, 



li. WksTKRMANN wV Co. AV?<' VorJi'. 

D. Van Nt^sTKANi", A'nv Votk. 
K. SrKH;KK & Co., Xfw York. 
Janskn, McCmtr(; vV <'o., (yu:'i_:^o. 

Ci;SHIN(iS cV HaILKV, litltiltnor,-. 
CUIM'I.KS. Ul'IIAM .V ( O.. Bo^tou. 



AGKNTS: 



A I* R 1 I. I S 8 7 



TrOhnkk & (!o., London. 
A. IIKK.MANN, rat is. 
ClAjirillKK-Vll.l.AKS, Paris. 
Maykr tV Mri.i.KR, Her lift. 
Ul.Rlco IluKl'Ll, Mil tin. 
Kari. J. TrOiinkr, Strasshur^. 



PUBUf'ATTONS OF THK JOHNS HOPKINS INTVEKSTTT. 

I. AMERIt^AN .lOrRNAL OF MATJIKMATICS. 

StuiiS Nehcohb, Ediiiir. luiil Tflnw.iS CiiAia, Aiiatminli- Kdltar. Qbttrwrly. Itu. Vulonie 

II. AMERICAN CHEMICAL JOnRNAL. 

I. K£M!>KK, Efiiliir. Hi-montljlv. Svn Votiioie J.\ iu I'TOjEMwi $i jier tnlaiDC 

m. AMERICAN JOURNAL OF PHILOLOGY. 

It. I« liiLnBitsLiieVE, h^litor. IjnaTUrrly. Sto. Vnlniiii' VMI in pmjppts. Ip3 per Tid 
rV. STUDIES FROM THE BIOlJoGICAL LABOftATORY. 

Iniilnilln); tin- C'h«M(^-itl«.- /.r/ilir^iou( UhunilDn-. H. \. MA.BTl!f, fAiUtr, miiI W. K. IXhdi 
Aaeot-mte D^ilitiir. fidi. Vtildifif IV Jii pnigri-**. ^'t ji-r Tiiliiniv. 

V. STtTDIKS IN HISTORICAL AND POLITICAL SCIENCE. 

H. II. AliAMs. E'lltiir. .MoMilily. s«k Viiliiiiii- V in i)rfl^nitt. fH per w)(i»in». 

VI. JOHNS HOPKLNS UNIVERSITY CIKCULAKS. 
(/»iil»tiifn^ n.-tHirte iif •fticiuilio ami liu-mry work iu progna* in Ikiltltiitwv. Wit, Vul. PI b 

progrpw. f 1 jwt )(>tir. 

VIL ANNUAL REPORT. 

PrMi>)iUn! 1.J th.! Pnetidftil. ro tlio IJimkI of 'PriMtoa^ |vvi«wiNg (lrBn)M)niUAim<tril»> ITuiirt 
iiilT iilirin^ tiic poll. uiwIiMiiic Tear. 
VUI ANNUAL REGISTER. 

Givine i.h<- lut >ir nlBwr« nn.i Mud<mU, unti lUtinff tbe n>ffnl«tloiMi, ftc of Ibo Diilnrrttlifc i 
PuUifJml at lAe riuM uf Ike aaiiiemc ymr. 

Tlii! /TtiMwriVy f.'iVrw/.tf*, .i»»Mrt/ Af*7w^^ unil Awntuit flrffintnr wilt l» wnt hy rriMll CW 4)V 
dnllnr |ii*i- uiitiiim. 

tAiHiuiUUictitiiU* ill n-^pwil t.i .-■[.itia.iKwi s)t>) reiiiilliini'flB iiiav be Mat lo Itw i4nriW UoiAiU* 
Hllivertity (PtihlicntW. A^t-mjj, UtJiimi.r. . MaiyluhiL 



^'tTliitr Vim M<Hli-Urii mi- ih'ii l>aiii*r<*ii miUb. ritr^rrlphi. 



M:iLTH. MODELLE. 




It StuUK. 

10 OlpH-Modvllv 



Sirti.XUI.Vi-*- 



mk i.«. «LjtN Jta4.»<.i.s. lu-jtm nv«,s %j,u' 






■4>-ni niin. tbbtidanaoii 



Potriil-c < 

Ml. t. ra.. 

II. Fia 



"" "'■' ""'" I p,^' 

18. SERIE. 
I. Pn^rktinnH-MtNlplli' ilf-r 1 vra1i>i) rncHiii. vter-dimciui. lU)rp«r 

lBlinti>liibi«hirfiinn><ioiii»*Tfm>i>ii..uii:. v. tkniLMBi. ib tIu(Hi> I, W. 
*. lil-.W'Z«ll.»ii(ilHU*l<ii>-unwi«. ibiiini id iKn ■m.iiiMnn* |.ii<}iptrt. •>. •»!■• riundor esibni in oiu 



■TSr.v 



'I iiatia II MSMHr 



CONTENTS. 



Ou tW tnastfinuadim of KlUptii: FoBtitiniL-i. Hy FnnpEmiia Ca\i.b^-, . . l6% 

FnriD6, Htxasttary awl SiifliL'iiiil, of ttw Roitiii of Pure Uni-Scrint AUlinii Kiiuniiinut. 

By Ghobok Paxtos Yorxd, . 22ri 

Sfnuuctrlo Fuoetioixt dftho M*', By WnxiAii Prrr Dvarue, '27^ 



GIOKN'ALE Dl MATEMATICHE 

AD UtO hSaiA STUDEJJTi I>RUjR L'XmatSITA n'AUIANK 
PUBBLICATO PER GUHA DI G. BATTAGLINI 



(^antu ItdKntmaiH tiubliLkiuiiwi- enni* urtMi diMkiUa aatii (leott-lHW). RwUUa lUl elii*h*itnn praf. 
BatUtitlini, eallM nollkbuniiienu rll illribiti nulMiiMiiil Rathtif, illnmutA un reptrtorin ulllintm |wt itrnfuMdri. 
par g[j *tDit«iU nntsunilarii. noouli^ [m ualUih il«!lr •uhnute nMteniAlldiit, « tfi itnuidt aitiltik nulla |mlil4teli>- 
BIUllolMhir. 

Ia sua fiulihUtMcuiue ]irti*(isun nifcalsnnniM » fiualaili liinaAnli df pag. 04 (n 4* Iwpmaa m utrift naajft o 
ooo Iwiiitl nanuian. 

AbfMnaoKniD {nrr an iiiuiu Mitkliwln. per Hupali. 1.. IK.OO 

liilUl'lUliii. H,«l 

■ i-li Sinti .MU Ijrm r>o*«l". 18,0U 

u CqiiBwiiie, ax >Tiitiini, i8(Ki n i-h uto,cia 

Dn'itiumU pmw <ii)iitniUniini<'. ISiOO 

Njuutt [tuus). B. PELI.ERANO, editaur. 

The KulscriptlDti price of tli« Jonmui » (S/XJ r rolumc; single numheni il.SO. 

Snbauriptiana from mnDtriue inulnded in l)ii> Ptistnl Union uinj' lie mat hy intornntional 
numuy order, rawJo fnyaWe t« ^icA^Jtu iftitnsy. Drufle. clicrlts, and Uomejttic poiHiil mouey 
onlen Bliiiiild bu nituiv pnytMa to Ama-iatn tfimmal iif' tUatAerHOtiea, 

N- B.— Pwwn* wMiIug to di»po«) of t-ouipk'tc wte of Vol. I will pl««^ commnnliate 
with tiie Kditor. 

It is re<jui»tjed tUut nil «ciuutiB<' voiuinunh'Httons bu addreeaed lo tliv KumjR uf the 
AniGr[<«t) Jciiimnl of I^liitltcniiilics, And all biMfnuM or Hnaocia) ciinimunicuKonii to tlie 
Publication Agwiiuj, Jubn* HmjiKiui iruivttHily, Bujtiinore, Md., t". 8. A. 



iVHI-b. U|t.TIW(IW«. 



PUBLICATIONS OF THE JOHNS HOPKINS INIVEI^SITY, 

B^VLTIMORJ-:. 

I. AMERICAN JOl'RNAl. OF MATHEMATICS. 

Simon Nkwcomi!. Editor, ami 'I'uomar Chaiu, Aiswciat"' K<lit<tr. QnarK-rlv. 4to. Volume 
IX in pro^nvftS. Jj^r* \)vr mAuuw, 

IL AMERICAN CHEMI(^\1. JOl'RNAL. 

I. Ukmsex, Kditor. r>i-inout.hly. Svo. Vnlniiio IX in pn>grcss. 5f*3 per volume. 

III. AMERICAN JOURNAL OF PHILOLOGY. 

B. L. (JiLi)EUSLKKVE, Kilitor. QiiJirtirly. .^vo. \'(»liinu' VlJl in pro^rross. $:J pur volume. 

IV. STUDIES FROM THE HIOLOGICAL LABORATORY. 

Inehulin^ the riiesapoake Z«»ol()gical LiilMiratorv. IJ. N. M.vuTiN, K»Hior, and \V. K. Brooks, 
Associate Kd it or. JSvo. Volunn* IV in progress, if."* pur volume. 

V. STUDIES IN HISTORICAL AND POLITICAL SCIENCE. 

II. R. Adams, Editor. Monthly. 8vo. Voluint* V in pnigre?^. $3 ikt volume. 

VI. JOHNS HOPKINS UNIVERSITY CIRCULARS. 

(.'ontaining reports of scientilic and literary work in progress in Baltimore. 4to. Vol. VI in 
progress. $1 2»er year. 

VII. ANNUAL REPORT. 

Presented by the President to the B>oard of Trnstee.-*, reviewing the o|K.*ratioiis of the Univer- 
sity during the past academic year. 

VIII. ANNUAL REGISTER. 

Giving the list of oflicers and student?', and stating the regulations, etc., of the University. 
Publish I'll at the dose of flic ifnulvnur jicar. 

The Unirersiftf (,'iixnhirs. Annwd It^/ntvi, and Anuunl Iknjister will be sent by mail for one 
dollar pt-r annum. 

(.'omnuinieatiniis in r»*s[H'Ct tn exclianirehi and remit lamr- may b<? sent to the Johns Hopkins 
rniv'T.siiv I Publication AL^uncv-, Baltinu'n-, Marvland. 



i .\*tt. 



Ijectiires on the Theory of liociprocants. XX\''-XXXII. Hv .1. ,J. Syl\ k^fkr, . 'J*»7 
Sur line Classe de Nonibres renianpiables. By Mai: rice !)'()( !AGNE, . . . •^')3 
Extraits de deux Lettres addressees si M. Craip. By M. IIkrmite, . . . .381 
T\vo Proofs of Caiicliv's Theorem. Bv F. Franklin, 389 



GIOENALE DI MATEMATICHE 

AD USO DEOLl STUDKN'TI DBLIiK UN'IVEKSITA ITALIAXE 

PUBBLICATO PER CURA DI G. BATTAGLINI 

Professore nella K. irufversita di Itoina- 



QuestA intereswsante pubblicazionc conta ormai tlicciotto anni (IHO^i- 18*50). Redutto dal ohiarissiino prof. 
Battaglini, coUa collalx>razione di distinti rnateinatici italiaiii, ^ diveuiita iin repMtorio utilissinio {M*i pr<'ife^s<»ri. 
per gli stndenti univcrsitarii, iionch^ |xn cultori dellc scienzc inatoiiiatictie. e di graudo utility nelle pul)bliciie 
Bibliotcche. 

La sua piibblicazioiie proscgue regolarmeiite a fa$cicoli luinestrali di [tag. C4 in 4° iinprer(:<e sii carta rxisiita e 
con biioni caratteri. 

Ablx^iiamento |)er un anno ant icipato, ])erNai>oli, L. 12.00 



" •* *• Ultra ritttlia, 

•' '• ** ** '* gli Stati della Lpga po.srnle, . 

LaCollezione, 23 volurai, 18(»:Ja 1885 

Un'annata presa -iqwiratanionto, 



14,00 

18.00 

220,00 

12,00 



Naples I Italie). B. PELL-ERANO, editeur. 



The suhseription price of the Journal i.s >^5.un a vohiine; sintic'e numbers ^1.50. 

Suhscriiitions from eountrit»s included in the l*0j?tal Union mav ho sent hv international 
I • •• 

money order, made i>ayable to Nicholan ^lumnj. 

N. H. — Persons^ wishing to dispor^e of comjilete sfets of Vol. I will please commiinicatc 
with tlie K<litor. 

It is iv«jueste<l that all !?cientiti<* communications be addressed to the Editor of the 
American .[<»urnal of Mathematics, and all business ««r linancial communications to the 
Publication ALa-ncv, Johns Hopkins rnivcrsitv. lljiitimorc. Md.. V . S. A. 



I':.' --. ■ » l-w- I .i" .'i.N V. .\i.!» r.\r,;iM! 



I 






;;^r 












-'N '^"jj /«fl^ j)*'^, ^'^ ■ 



STANFORD UNIVERSITY LIIiRARV . 









r^.ir^^!r^^m^,:_ 






:' ^^v' 



Lfnar gLLjTgZai: 



".''^A^^,-,'.,. ,, 



"'^^ ,;A_->' 0? 



:^m.^.^ f^^^ 



=?^/'^'?/*^, r^/^'- 






■f'':^ .''-. 






'.^-,U-- V 



'i?. o«/^'> ^^, "»",, '•"" "a ' ■ 






'i?. o«/^'> ^^, "»",, '.2" "a' ■ -. . ' ■ ' .' 






2<?o5i I 




^ 



